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 Nanomaterials have been extensively investigated by the research community owing to 
their extraordinary properties and functionalities that significantly surpass their bulk counterparts. 
Among a variety of nanomaterials, two dimensional (2D) nanomaterials, represented by graphene 
and transition metal dichalcogenides (TMDCs), have captivated academic and industrial attentions 
because of their promise in future electronics, surface coating, biosensing, as well as the 
compatibility with the scalable and low-cost, top-down fabrication process. In this dissertation, I 
further explore the potentiality of 2D materials as an advanced surface and field-effect transistor 
(FET)-based biochemical sensing platform, and investigate electrical double layer (EDL) 
formation on 2D materials.  
 First, I present various three-dimensional (3D) integration techniques of 2D materials that 
exhibit promise as a biosensing platform, tunable wetting surface, and stretchable electronic device. 
I demonstrate that 2D materials could be integrated with 3D microstructure substrates with a novel 
and simple substrate engineering technique that utilizes solvent-induced swelling of substrates. In 
addition, I report on developing flower-like structures (i.e., nanoflowers) of molybdenum disulfide 
(MoS2) grown by metal-organic chemical vapor deposition (MOCVD), and further demonstrate 
dual-scale hierarchical structures by introducing additional buckle-delamination induced 
microscale crumples using a shape-memory polymer. Moreover, I achieve bio-inspired 
hierarchical structures of graphene by combined use of 3D microstructure substrates and 
mechanically-driven nanoscale crumples of graphene, which exhibit a potential for a highly 
sensitive biochemical sensor platform. 
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 Second, I investigate graphene FETs for an advanced electrophysiological study, as well 
as for the understanding of EDL formation on atomically-thin materials. I demonstrate 
simultaneous electrical recording of controlled and stimulated behaviors of optogenetically 
encoded skeletal muscle cells and neurons. The recorded electrical signals corresponded well with 
the stimulation patterns of optogenetically encoded cells, demonstrating the successful real-time 
and simultaneous sensing of extracellular action potentials from target cells based on graphene 
FETs. Furthermore, I study how the EDL, which is an essential component for top solution-gated 
FETs and biosensors, is affected by the surface properties of underlying substrates beneath 
graphene. Hydrophobic substrates are demonstrated to disrupt the EDL formation on graphene, 
which is evidenced by transconductance measurements by FETs, capacitance measurements by 
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), as well as molecular 
dynamics (MD) simulations. 
This thesis represents significant advancements in assembly and integration of 2D 
materials for diverse novel applications as well as fundamental scientific research. Our results offer 
unique strategies toward superlative surface coatings, stretchable electronics, and biosensors, and 
suggest the substantial promise toward scientific breakthroughs in electrophysiology and EDL 
based on 2D materials.  
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CHAPTER 1: INTRODUCTION 
 
1.1. Potential of Two-Dimensional Nanomaterials for Advanced Scientific Research and 
Device Applications 
Nanomaterials, with dimensions ranging between ~ 1 to 100 nanometers (nm), have 
captivated the scientific community for several decades due to the unusual physical and chemical 
properties that significantly differ from conventional bulk materials. Beyond naturally occurring 
nanomaterials (e.g., hemoglobin, deoxyribonucleic acid (DNA), surface of lotus leaves and gecko 
feet, etc.), synthetic nanomaterials have been actively manufactured and have had their unique 
properties exploited for academic research and industrial applications. In general, nanomaterials 
can be classified according to their dimensions: zero-dimensional (0D; nanoparticles, nanocrystals, 
etc.) [1,2], one-dimensional (1D; nanowires, nanotubes, etc.) [3,4], and two-dimensional (2D; 
nanofilms, nanoflakes, etc.) [5,6].  
Among various nanomaterials, 2D nanomaterials, represented by graphene and transitional 
metal dichalcogenide (TMDC) monolayers, have drawn significant attention over a decade owing 
to their extraordinary electrical, optical, and mechanical properties, as well as their atomic thinness 
[7,8]. Since monolayer graphene was first obtained in 2004 by Novoselov et al. using the well-
known Scotch-tape method (i.e., mechanical exfoliation) [5], it has been the most representative 
2D material with great potential uses in high-performance electronics, coating materials, and 
sensor devices [9,10].  The vast interest in 2D materials emerged by graphene has now led to the 
discovery of various other 2D analogues such as TMDCs [11,12], hexagonal boron nitride (h-BN) 
[13], and 2D-Xene (e.g., silicene, germanene, and stanine) [14–16] (Figure 1.1), each with their 
own set of novel properties. The atomically thin and flat nature, which leads to an extremely large 
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specific surface area, and unusual electronic/optical characteristics have introduced a new realm 
of advanced pure science research, and paved a way for the continuous logic transistor scaling, 
highly sensitive photodetectors, and biosensor applications [17,18].  
 
Figure 1.1. Schematic illustrations of various contemporary 2D materials. Adapted from [19]. 
 
1.2. Three-Dimensionally Architectured Two-Dimensional Materials for Advanced 
Surfaces and Interfaces 
 More recently, methodologies of introducing new functionalities to 2D materials have been 
investigated to broaden the potential of 2D materials. For instance, vertical stacking and lateral 
stitching of 2D materials have been reported to introduce distinct optical and electrical properties, 
and exotic device performance [20,21]. In addition, fabrication of hybrid materials that consist of 
lower dimensional (i.e., zero- and one-dimensional) materials decorated on 2D materials has also 
been shown to improve the performance of biosensors and photodetectors [22,23]. Notably, 
controlled three-dimensional (3D) out-of-plane topographic engineering (i.e., architecturing) of 
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2D materials, by a number of techniques, has been of particular interest enabling various 
interesting device characteristics [22,24–30]. 
 Compared to conventional methods for engineering 2D materials, 3D architecturing has 
intrigued the research community due to its uniqueness and simplicity. Representative 3D 
architecturing techniques include mechanical instability-driven crumpling [25,27], synthesis of 
vertically grown nanostructures (i.e., nanoflowers) [31,32], and direct synthesis on 3D shaped 
catalyst structures (e.g., foams) [33,34]. These 3D architectured 2D materials have demonstrated 
potential in optoelectronic applications (e.g., photodetectors and photovoltaics) [23,26], surface-
enhanced Raman spectroscopy (SERS) [22], stretchable/bendable electronics [27], 
superhydrophobic surface characteristics [29],  hydrogen evolution reaction (HER) applications 
[35] (Figure 1.2), and much more. 3D architecturing strategies have myriad opportunities for future 
development, including investigations on a variety of undiscovered phenomena and applications 
induced by 3D topography [24].  
 
Figure 1.2. 3D architectured 2D materials and applications. (a) 3D Crumpled graphene 
photodetector that exhibits enhanced and strain-tunable photoresponsivity. (b) Vertically grown 
3D nanoflowers that possess superaerophobic surface characteristics and enhanced HER 
performance. Adapted from [26] (a) and [35] (b). 
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Motivated by these recent trends, the first part of my Ph.D. research (Chapters 2-4) was 
focused on controlled 3D architecturing techniques for 2D materials as well as discovering new 
functionalities and applications for architectured 2D materials. First, we have reported a variety of 
3D patterning strategies of 2D materials, such as the 3D integration technique on predesigned 
micropatterned substrates, buckle delamination-induced crumpling, and multiscale (i.e., micro + 
nanoscale) hierarchical patterning techniques combining instability-driven crumpling and vertical 
growth techniques [28,32]. In addition, we demonstrated that the 3D architecturing strategies 
enabled superhydrophobic surface characteristics, mechanical stretchability and fatigue durability, 
as well as significant improvement of the performance of field-effect transistor (FET) biochemical 
sensors which would have been impossible using conventional, pristine 2D materials.  
 
1.3. Two-Dimensional Materials as a Biosensor Platform 
Biosensors and bioelectronics enable monitoring of and intervention with various diseases 
[36] and therefore have enormous potential to improve the quality of human life. Over the past 
several decades, a variety of biosensing techniques including patch-clamp electrodes [37], voltage-
sensitive dyes [38], and multielectrode arrays (MEAs) [39] were investigated to study electroactive 
cells and tissues. Moreover, with the recent advent of nanomaterials, such as semiconductor 
nanowires [40], carbon nanotubes [41], and the 2D materials discussed earlier [42], have been 
incorporated as functional sensing elements in bioelectronics to achieve molecular scale electronic 
interfaces.  
Compared to conventional bulk materials or lower dimensional (1D and 0D) nanomaterials, 
2D materials such as graphene allow the compatibility with the scalable and low-cost top-down 
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fabrication processes.  The combination of high performance and easy production has facilitated 
large area and high spatial resolution detection capability, as well as the integration with 
conventional electronic chips. Furthermore, the extremely large surface-to-volume ratio of 2D 
materials [9] enables significant improvement of the sensitivity of bioelectronic devices [43], as 
the external biochemical stimuli of interest (e.g., doping from electrically charged molecules) have 
outsize influence on the electrical characteristics of 2D materials. Moreover, the unique electronic 
band structure in the case of graphene [7] allows extremely high carrier mobility, leading to a 
superlative sensitivity toward biochemical targets when exploited as a FET.  
Biosensing based on top solution-gated FET (Figure 1.3) enables non-invasive, fast, and 
highly sensitive detection of various charged molecules and electrical potentials as compared to 
conventional biosensing methods such as glass micropipette, patch clamp and fluorescence 
imaging. Top solution-gated FETs utilize a thin electrical double layer (EDL) that strongly 
modulates the conductance of sensing materials (e.g., graphene) via applied gate voltage [44]. This 
allows highly sensitive and versatile electrical biosensing capabilities including pH sensing, 
glucose sensing, and the recording of action potentials from living cells. However, the structure 
and capacitance of the EDL on graphene FETs have been relatively underexplored, despite its 
essential role in device operation, and requires more fundamental study to fully exploit the 
potential of graphene FET biosensors. Moreover, while previous studies have primarily focused 
on the detection of biochemical molecules (e.g., glucose) and spontaneously beating cells (e.g., 
cardiomyocytes), simultaneous FET detection of controlled motions of nonspontaneously beating 
cells (e.g., skeletal muscle cells, neurons) has not been investigated despite the potential in future 
neural prostheses and various medical monitoring systems. 
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Figure 1.3. Schematic illustrations of graphene FET sensors for biochemical molecules detection 
(a) and electrical recording from electrogenic cells (b). Adapted from [45] (a) and [40] (b). 
These recent trends and needs have motivated me to explore new functionalities of 
graphene FET biosensors as well as to investigate the structure and capacitance of the EDL on 
graphene. To this end, the second part of my Ph.D. research (Chapters 5-6) focus has been on 
graphene FET sensors. First, we investigated real-time, simultaneous electrical sensing capability 
of controlled behavior of optogenetically encoded skeletal muscle cells and neurons using a 
graphene FET. My research further expanded to the fundamental study of EDL on graphene FETs, 
with special focus on how the wettability of underlying substrates beneath graphene affects the 
EDL structure and capacitance. 
 
1.4. Overview of the Thesis 
This thesis discusses the assembly and integration of 2D materials to explore their new 
functionalities as advanced surfaces, interfaces, transistors, and biosensors. In the first part of this 
thesis (Chapters 2-4), focus will be on the demonstration of 3D microscale, nanoscale, and 
multiscale architecturing strategies of 2D materials, and their applications in tunable wettability 
coatings, strain engineering, and high-performance biosensors. The second part of my thesis 
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(Chapters 5-6) will more focus on in-depth study of graphene FETs for biosensors, as well as the 
fundamental study of EDL on top solution-gated graphene FETs.  
First, Chapter 2 discusses the 3D microscale integration strategy of graphene via substrate 
engineering that consists of 1) swelling of 3D microstructure substrate via solvent absorption, 2) 
shrinking of substrate by evaporation of absorbed solvent, and consequently 3) the conformal 
adaptation of graphene on the 3D substrate [28]. Scanning Electron Microscopy (SEM), Raman 
spectroscopy, and Atomic Force Microscopy (AFM) characterization, as well as electrical 
resistance measurements were performed to demonstrate the damage free nature of the 3D 
microscale integrated graphene. Lastly, the ability of the strategy to create various 3D structures 
(e.g., pyramids, pillar, domes, etc.) was demonstrated. 
Chapter 3 expands the discussion on 3D architecturing strategies towards the fabrication 
of dual scale, hierarchical structures of molybdenum disulfide (MoS2) by combining the metal-
organic chemical vapor deposition (MOCVD) synthesis of nanoflower structures and mechanical 
instability driven microscale patterning [32]. The 3D hierarchically patterned atomically thin MoS2 
exhibited superhydrophobic surface characteristics that are useful in waterproof devices [46], 
antifouling surface coatings [47], and efficient heat transfer [48]. Furthermore, it was demonstrated 
that the wettability of MoS2 could be dynamically and reversibly modulated as a function of the 
mechanical strain in substrates, with a fatigue durability of up to 1,000 stretch/release cycles. 
Chapter 4 introduces another novel but simple strategy for dual-scale, hierarchical 
patterning of graphene by combination of 3D microstructured substrates that discussed in chapter 
2 [28] and buckle-delamination induced nanoscale crumpling [25]. In addition to the 
demonstration of the bioinspired hierarchical structures based on graphene, strain engineering of 
graphene was achieved by the modulation of substrate prestrain. Furthermore, high performance 
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FET biosensors based on the hierarchically patterned graphene were demonstrated, which is 
attributed to the intimate interface between the 3D architectured graphene and the biomaterial of 
interest. 
Chapter 5 focusses on a more in-depth graphene-based biosensor study. Beyond the 
conventional electrical sensing of biochemical molecules and electrogenic (i.e., spontaneously 
beating) cells [42,45], optogenetically encoded cells that are controlled by external light-
stimulation were recorded in real-time by graphene FETs. The electrical signals recorded by 
graphene FETs corresponded well with the light-stimulation patterns, demonstrating the 
simultaneous stimulation and electrical recording capability of optogenetically encoded cells. 
Control experiments without cells did not exhibit electrical signals indicating that the signals 
resulted from the light-stimulated cells instead of the photoresponse from graphene.  
In Chapter 6, the structure and capacitance of the EDL, an essential component for the 
operation of FET biosensors [44], was studied. We focused on how the wettability of substrates 
underneath graphene affects the EDL on graphene. Transconductance measurements, cyclic 
voltammetry, and electrochemical impedance spectroscopy were used to demonstrate that 
graphene on hydrophobic materials exhibits lower EDL capacitance, which is attributed to the 
disruption of water molecules and EDL nearby hydrophobic interfaces. These experimental 
observations correspond well with previous predictions [49,50] and were further supported by 
theoretical evidences based on molecular dynamics (MD) stimulations. 
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CHAPTER 2: THREE-DIMENSIONAL MICROSCALE INTEGRATION OF 
GRAPHENE VIA SWELLING, SHRINKING AND ADAPTATION* 
 
2.1. Motivation: Conventional Flat Two-Dimensional Materials and Limitations 
Graphene, a two-dimensional (2D) honeycomb lattice of sp2-bonded carbon atoms, has 
been widely studied [1–4] due to its high carrier mobility [5–7], chemical inertness [8], and 
biocompatibility [9]. Recently, graphene was investigated for applications in flexible, stretchable, 
and transparent electronics by integration with elastomer substrates [10–13], taking advantage of 
graphene’s superior mechanical properties [1,3,4,10,14]. 
Large-area, uniform graphene synthesis has been realized by chemical vapor deposition 
(CVD) [15–19], using various precursors and catalyst substrates. Consequently, transfer of as 
grown graphene onto traditional planar substrates has been widely investigated [15,20–25] for 
materials characterization and device integration. However, three-dimensional (3D) transfer onto 
microstructured surfaces has been a challenge because graphene may become damaged under large 
tensile stress and/or capillary stress during the wet-transfer and subsequent drying processes. As a 
result, while the realization of such 3D integrated graphene could lead to scalable and low-cost 
development of highly sensitive 3D sensors [26–28], graphene coated atomic force microscope 
(AFM) probes [29,30], or 3D electrode arrays [31–33], such advancements have been limited using 
previously reported methods. Several previous works have investigated the integration of graphene 
onto 3D structures (e.g., pillars and pyramids) [30,34–36]. Lanza et al. reported graphene-coated  
 
* The work presented in this chapter was published in Nano Letters, 15, 4525 (2015).  
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pyramidal AFM tips fabricated with conventional wet-transfer of graphene with a thin 
poly(methylmethacrylate) (PMMA) film [30]. Winters et al. used a transfer printing method to 
produce micron-sized trench-patterned graphene [34]. Although the foregoing works have 
demonstrated the transfers of graphene onto 3D substrates containing microstructures, their works 
are limited to graphene transfer onto a small single microstructure [30], or the uniformity of 
graphene around the microstructures is not fully demonstrated [34]. Shim et al. demonstrated 
multilayer graphene transferred onto Si pyramids of ca. 30 μm in height using an ethanol and water 
mixture along with a thin PMMA as a transfer film [36]. However, the uniformity of multilayer 
graphene on the 3D features was still not fully demonstrated. Moreover, this work was limited to 
multilayer graphene transfers, and the integration was limited to pyramidal microstructures. 
Consequently, a more reliable method to integrate monolayer graphene onto 3D microstructured 
array substrates with various dimensions and morphologies is required to achieve the 
aforementioned 3D graphene-based applications.  
Here, we report a robust method to integrate graphene with various 3D substrates with out-
of-plane microstructured feature sizes varying from 3.5 to 50 μm. Polydimethylsiloxane (PDMS) 
with 3D features was used as the substrate for graphene 3D integration in consideration of its 
ubiquity in various applications such as flexible and stretchable electronics. To avoid damage to 
graphene from tensile and/or capillary stress and to achieve uniform integration onto 3D 
microstructured surfaces, we developed three sequential steps of (1) substrate swelling, (2) 
shrinking, and (3) adaptation. Scanning electron microscopy (SEM), Raman spectroscopy, and 
AFM characterization results confirm the successful and reliable integration of graphene onto 3D 
microstructured PDMS surfaces. Optimization of the amount of substrate swelling ensures the 
quality of the integrated graphene film. Furthermore, we demonstrate the integration of hybrid 
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structures of graphene decorated with Au nanoparticles (NPs) onto pyramid, as well as other 
various 3D microstructures, such as domes, pillars, and inverted pyramids, further confirming the 
versatility of our 3D integration method.  
 
2.2. Three-Dimensional Microscale Integration of Graphene via Swelling, Shrinking and 
Adaptation of Substrates 
Graphene was synthesized by chemical vapor deposition (CVD) (Rocky Mountain 
Vacuum Tech Inc., CO) with CH4, H2, and Ar as gaseous precursors and 25 µm thick Cu foil (Alfa 
Aesar, MA) as a catalyst substrate. After loading the catalyst substrate at the center of a quartz 
CVD chamber, the chamber was heated up to 1050 °C under the flow of H2 (50 sccm). As the 
temperature reached 1050 °C, the substrate was annealed for an additional 20 minutes, and the 
graphene growth was carried out under low pressure (520 mTorr) with CH4 (100 sccm) and H2 (50 
sccm) for 2 minutes. Finally, the chamber was cooled to room temperature under the flow of Ar 
(500 sccm). 
3D PDMS substrates with pyramidal arrays were prepared by the following process: A thin 
Si3N4 layer was grown on a <100> Si substrate using plasma-enhanced CVD (Mixed-Frequency 
Nitride PECVD System, Surface Technology Systems, UK). Then the substrate was spin-coated 
with a SPR220 (MicroChem Corp., MA) photoresist and square patterns were generated by 
photolithography with various dimensions (5 - 70 µm). Reactive ion etching (RIE) (PlasmaLab 
Freon/O2 Reactive Ion Etcher System, Oxford Instruments) was applied to etch Si3N4 and expose 
the square patterns of Si. Finally, 45% KOH solution was applied to etch the Si substrate in an 
anisotropic direction of 54.7°, creating the Si mold for the 3D pyramidal PDMS substrate. Thin 
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Teflon film (40 nm) was deposited by RIE process (SLR 770 Inductively Coupled Plasma Reactive 
Ion Etcher, PlasmaTherm) onto the Si mold to allow the cured PDMS to detach easily from the 
mold. Elongated pyramids can be fabricated in a similar way by creating rectangular patterns by 
photolithography. 
 
Figure 2.1. Schematic illustration of the 3D integration of graphene. (a) Graphene with supporting 
layer transferred onto a 3D swollen PDMS substrate. The graphene with supporting layer is 
suspended (i.e., not conformed to the substrate). (b) PDMS substrate shrinking during the 
evaporation of solvent (e.g., toluene). Three-dimensional adaptation of graphene/supporting layer 
is achieved through this step. (c) Removal of the transfer film with a proper etchant (e.g., acetone 
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for PMMA). (d) Detailed schematics of (a). Graphene is adhered to the nearby planar region of 
the pyramid and the top of pyramid, acting as anchoring points (green arrows). Graphene is not 
conformed and suspended around the pyramid. l is the length of suspended graphene, and a’ and 
b’ are the lengths of planar region and pyramid under the suspended graphene, respectively. (e) 
Detailed schematics of (b). During shrinkage, 3D adaptation of graphene onto pyramid is achieved 
and a few small wrinkles/crumples of graphene emerge. a and b indicate the final lengths of planar 
region and pyramid under the graphene after the substrate shrinkage. Black arrows indicate 
shrinking directions. 
Figure 2.1 illustrates the 3D integration process of graphene, which includes swelling, 
shrinking, and adaptation steps. First, graphene with a thin transfer film (~ 50 nm PMMA) was 
transferred onto a swollen PDMS substrate, where the transferred PMMA/graphene is initially 
suspended on the 3D features (rather than making conformal contact to the substrate), owing to 
the geometrical characteristics of the 3D features (Figure 2.1a,d). As the substrate shrinks during 
the evaporation of the solvent used to swell PDMS, the suspended structure was gradually 
integrated onto the underlying 3D substrate (Figure 2.1b,e), achieving a 3D adaptation. Finally, 
the transfer film was gently removed by using the appropriate etchant solution (e.g., acetone for 
PMMA), resulting in 3D integrated graphene with the predesigned substrate (Figure 2.1c). 
Our swelling, shrinking, and adaptation steps were optimized to minimize the degree of 
graphene suspension around the 3D microstructures and facilitate successful 3D integration. 
Suspended graphene is prone to damage from tensile and capillary stresses generated between the 
graphene and substrate during the PMMA removal and subsequent solvent drying processes. When 
graphene is suspended, if the length of graphene, l, is less than the sum of a and b (Figure 2.2a) 
and the capillary stress exceeds the tensile strength of graphene, the graphene may be damaged as 
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PMMA is removed and the solvent evaporates (Figure 2.2a). Figure 2.2b−f shows the images of 
graphene integrated onto 3D pyramid microstructures without the swelling/shrinking process. The 
3D integration without swelling/shrinking steps resulted in damage of integrated graphene 
regardless of the transfer film (i.e., integration yield ≈ 0%). Without the swelling/shrinking, the 
maximum combined stress generated by capillary stress and tensile stress was calculated as 126 
GPa for pyramid-shaped microstructures. This value is close to the theoretical tensile strength of 
graphene (130 GPa) [14], and defects in graphene (e.g., grain boundaries) or stress concentration 
at the anchoring points could also contribute to the damage of graphene. In addition, we note that 
graphene is not pierced despite the sharpness of microstructures. Reserbat-Plantey et al. reported 
that graphene could be suspended or coated onto nanopillar arrays depending on the pitch of the 
nanopillars, and even with an apex radii (20−50 nm), which is much smaller compared to ours 
(150− 200 nm), their suspended/coated graphene was not pierced by the nanopillars [35]. 
Furthermore, the amount of substrate swelling can be controlled and optimized for 3D 
integration of graphene. Figure 2.3a−d shows photographic and optical microscope images of a 
PDMS substrate before and after the swelling. We controlled the amount of substrate swelling by 
adjusting the time of immersion in organic solvent (e.g., toluene) and the mixing ratios of monomer 
and curing agent of PDMS (Figure 2.3e). In addition, the substrate swelling and subsequent 
shrinking preserved the morphologies of the PDMS pyramids, as demonstrated in Figure 2.3f,g. 
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Figure 2.2. Control experiments of 3D graphene integration without the swelling/shrinking 
process. (a) Schematic illustrations showing a possible mechanism of graphene damage without 
swelling/shrinking. Without swelling/shrinking, graphene can be damaged in l < a + b condition 
due to the tensile and capillary stresses generated between graphene and the substrate. Green 
arrow indicates the anchoring points between graphene and substrate. Red arrow indicates broken 
area of graphene. (b) Control experiment with a thin PMMA (50 nm) but without 
swelling/shrinking. (c) Direct transfer without any transfer film and without swelling/shrinking. 
(d) Thin Au as a transfer film without swelling/shrinking. (e) Thick PMMA (100 nm) film as a 
transfer film without swelling/shrinking. (f) Transfer with ethanol/DI water mixed solution without 
swelling/shrinking. All red arrows in a-f indicate the electron charging areas, which are 
indications of the damaged areas of graphene. All scale bars: 10 µm. 
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Figure 2.3. Swelling property of PDMS in toluene.  (a and b) Photos of 3D PDMS substrate before 
(a) and after (b) swelling. (c and d) Optical microscope images of (a) and (b), respectively. (e) 
Swelling phenomena as a function of time and the mixing ratio (monomer vs. curing agent) of 
PDMS. (f and g) SEM images showing the tip of pyramids before (f) and after (g) 
swelling/shrinking, demonstrating no shape-changing due to swelling and shrinking steps. Here, 
a thin AuPd film (20 nm) was deposited as a conductive layer for the SEM characterizations. Scale 
bars: 1 µm. 
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To characterize the 3D integrated graphene, we carried out SEM, AFM, and Raman 
spectroscopy characterizations (Figure 2.4). Figure 2.4a−d shows the SEM images of successfully 
3D integrated graphene with pyramid-shaped PDMS substrates, where the dimensions of the 
PDMS pyramids are up to 50 μm by 70 μm (height by width). Due to the nonconducting nature of 
the underlying PDMS substrates, any minor cracks/damages in the 3D integrated graphene are 
expected to cause significant electron charging in the SEM images (Figure 2.2). SEM images 
absent of any electron charging confirm that our swelling, shrinking, and adaptation approach can 
achieve damage-free 3D integration of graphene. In addition, for the damaged/broken 3D graphene, 
the electron charging pattern in SEM images and the AFM phase/amplitude images coincide with 
each other, as demonstrated in the Figure 2.5a−c. Successful 3D integration was further confirmed 
by AFM phase/amplitude images (Figure 2.4e,f) and subsequent SEM characterization (Figure 
2.4g) of the same pyramid where uniform contrast was observed in both AFM and SEM images. 
Figure 2e and Supporting Figure S3d provide a further comparison of the AFM phase images of 
graphene on PDMS and bare PDMS, respectively, and Figure 2.4f and Figure 2.5e show the 
corresponding AFM amplitude images. Raman spectra (Figure 2.4h) were taken at the top of 
pyramid (14 μm by 20 μm; height by width) as well as at the planar area (base) to substantiate the 
uniformity of graphene at either location. The intensity ratio of 2D to G-band demonstrates that 
the integrated graphene is monolayer, and negligible D-bands denote the low defect level of the 
integrated graphene. 
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Figure 2.4. Characterizations of 3D integrated graphene. (a−d) SEM images showing individual 
(left) and array (right) of PDMS pyramids integrated with graphene. No significant electron 
charging was observed in SEM, demonstrating graphene was uniformly integrated onto pyramid 
structures. (e) AFM phase image of an individual graphene integrated pyramid, (f) the 
corresponding amplitude image, and (g) the SEM image. (h) Raman spectroscopy from the top of 
pyramids (red), planar area (blue), and bare PDMS (black) as a reference. Due to the increased 
focal volume of laser on 3D integrated graphene on pyramid, the 3D graphene showed an 
enhanced Raman intensity. Negligible D-band further demonstrates the robustness of our 
integration method. The spot size of the laser was around 3 μm. 
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Figure 2.5. SEM and AFM characterizations of damaged graphene and bare PDMS. SEM image 
of broken graphene on 3D pyramid showing electron charging (a) and the corresponding AFM 
phase (b) and the amplitude image (c). All red arrows in a-c indicate the electron charging areas, 
which are indications of the damaged areas of graphene. AFM phase (d) and amplitude image (e) 
of a bare PDMS pyramid. All scale bars: 2 µm. 
 
Figure 2.6. Mechanical pressure induced damages of graphene integrated on 3D pyramid 
microstructures. (a) SEM images of graphene on 3D pyramid array before applying mechanical 
pressure. No electron charging was observed. (b) SEM images of graphene on 3D pyramid array 
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after mechanically pressing the 3D graphene/PDMS with a glass slide. Graphene on the top of the 
pyramid array was damaged. This implies that graphene was initially uniformly present across 
the surface areas of the pyramid (including at the tip) before applying such mechanical pressure. 
Scale bars: 10 μm. 
To demonstrate that the graphene was successfully integrated onto 3D microstructured 
surfaces, we carried out further SEM characterizations before and after applying external pressure 
to the top of the graphene integrated PDMS pyramids (Figure 2.6). We applied mechanical 
pressure by touching the top of the pyramids with a glass slide, where the stress applied to an 
individual pyramid is estimated to be ~ 21 kPa. SEM images show that only graphene at the top 
portions of the pyramids were damaged (Figure 2.6b), evident from the fact that electron charging 
was observed only at the top of the pyramids. 
 
2.3. Optimization of Process Parameters 
The successful 3D integration of graphene is dependent on various integration parameters 
such as the amount of substrate swelling and the thickness of transfer film (Figure 2.7). For the 
integration parameter optimization, we performed all subsequent investigations using 14 μm-high 
and 20 μm-wide pyramids, for the consistency of experiments. 
First, insufficient substrate swelling leads to the damage of the graphene by tensile and 
capillary stresses (Figure 2.7a). With a sufficient amount of swelling (> 25%), the transfer film and 
the substrate are in the l ≥ a + b condition, resulting in the successful integration with the 3D 
integration yield of ~ 95%. The inset in Figure 2.7a shows the representative SEM images of the 
- 24 - 
 
successful versus failed 3D integration. Electron charging occurs at the broken locations of 
graphene, which are indicated by red arrows. 
 
Figure 2.7. Optimization of 3D integration parameters. (a) Variation of integration yield (%) 
depending on the amount of substrate swelling (%). Inset: representative SEM images of successful 
and failed integrations. Red arrows indicate broken areas of graphene. Scale bars: 10 μm. (b) 
Raman Intensity ratio (IG/ID) versus the amount of swelling (%). Data obtained from planar and 
top positions show gradual convergence with increasing swelling amounts, demonstrating that 
once swelling amount reaches 25%, defect level at the top is similar with that at planar areas. (c) 
Raman intensity ratio [I2D/IPDMS (at 1410 cm
−1)] versus the amount of swelling (%), demonstrating 
the enhanced intensity of 2D-band at higher amounts of swelling due to lower levels of breakage 
of graphene at the top of the pyramid. (d) Characterization of crumple width and height (μm) 
depending on substrate swelling (%). Inset: representative SEM images showing the graphene 
crumples. Scale bars: 3 μm. (e) Influence of the flexural rigidity of the transfer film (PMMA) on 
the 3D integration yield. The integration yield is inversely proportional to the thickness of PMMA. 
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Inset: calculated plot of the flexural rigidity of PMMA as a function of the film thickness. Red 
arrows indicate the broken area of graphene. Scale bars: 10 μm. (f) Variation of resistance change 
(R/R0) depending on the amount of swelling (%). R and R0 are the electrical resistance of 3D 
integrated graphene on pyramidal PDMS and graphene transferred on planar PDMS, respectively. 
All error bars represent one standard deviation. 
The correlation between the integration yield (or success rate) and the amount of substrate 
swelling was further investigated by Raman spectroscopy. Figure 2.7b,c shows the variations of 
the Raman intensity ratio as a function of the amount of swelling. The Raman intensity ratios (both 
IG/ID and I2D/IPDMS) of graphene on a planar area remain constant since graphene is not damaged 
when integrated on a planar substrate (blue circle). In contrast, the Raman intensity ratios at the 
top of the pyramid depend significantly on the defect/damage levels of graphene (red square). 
Figure 2.7b shows that the IG/ID ratio at the top of pyramids increases with the amount of substrate 
swelling and that the IG/ID ratio at the top of the pyramids becomes similar with that of planar 
surfaces when the amount of swelling is >25%. This suggests that as the amount of swelling 
increases, the damage at the top of pyramids becomes negligible. The IG/ID intensity ratios for a 
lower swelling amount (0−15%) were very small as the graphene was highly damaged. 
Furthermore, the intensity ratio of the graphene’s 2D-band to a PDMS-band (at 1410 cm−1) was 
measured and plotted in Figure 2.7c as a function of the swelling amount. Here, the IPDMS is fixed, 
while the I2D is varied depending on the amount of swelling at the top of the pyramids. We note 
that the IPDMS was measured at two different locations (top and planar regions of PDMS pyramid) 
for each normalization. As observed in the relationship between IG/ID ratio and swelling amount, 
I2D/IPDMS ratio at the top of pyramids is similar with that of planar surfaces when the amount of 
swelling is >25% (Figure 2.7c). To summarize the swelling-dependent 3D integration yield, Figure 
- 26 - 
 
2.7a−c show that the 3D integration of graphene onto 14 μm by 20μm (height by width) pyramids 
is successful when the substrate swelling is greater than 25%.  
The existence of graphene crumples shows that our integration mechanism is based on the 
swelling and shrinking of substrates [37]. However, as the purpose of our work is the 3D 
integration of graphene, unwanted crumples of graphene that were generated during the shrinking 
step are to be controlled and minimized. Figures 2.7d and 2.8 show how the crumple dimensions 
(i.e., width and height) vary depending on the amount of substrate swelling. As expected, the 
crumples tend to become taller and wider with greater amounts of swelling, which suggests that 
excessive amount of swelling is undesirable. For this reason, we find that 25% of swelling, which 
is the minimum swelling amount that results in ≥ 95% yield of integration, is the ideal swelling 
amount with a minimal degree of crumpling. We also note that the relatively strong adhesion 
between graphene and the PDMS substrate without sliding allows successful 3D adaptation. In 
contrast, graphene damage was observed when sliding occurs at the anchoring points (Figure 2.1d-
e) from the oxygen plasma treatment of PDMS (red arrows in Figure 2.9). 
 
Figure 2.8. The AFM height profile of graphene crumples with different amounts of substrate 
swelling. 
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We then studied the impact of the thickness of the transfer film on 3D integration. The 
thickness of the PMMA transfer film can be controlled by diluting the PMMA solution with a 
solvent (e.g., chlorobenzene) (Figure 2.10). We find that the yield of successful 3D integration is 
inversely proportional to the film thickness, as demonstrated in Figure 2.7e. The success of 3D 
integration was determined based on the degree of electron charging in the SEM images, and more 
intense charging was observed when thicker transfer films were used (Figure 2.7e). The correlation 
between 3D integration yield and transfer film thickness could be explained by the flexural rigidity 
of the transfer film, which is a function of the film thickness. As discussed in Figure 2.1 and 2.2, 
the success of 3D integration requires the adaptation step of transfer film and graphene to substrates. 
As the flexural rigidity of the transfer film increases, it becomes more difficult for the transfer film 
to be bent as the substrate shrinks, and the adaptation becomes more difficult. The flexural rigidity 








where E is the Young’s modulus, he is the film thickness, and v is the Poisson’s ratio. The 
calculated result is shown in the inset of Figure 2.7e, which qualitatively corresponds to the 
resulting integration yield. 
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Figure 2.9. A control experiment of 3D graphene integration with oxygen plasma applied on 
PDMS substrate before the graphene transfer. The oxygen plasma treatment facilitates the sliding 
of graphene at the anchoring points, which prevents the 3D adaptation of graphene during the 
substrate shrinking step. Red arrows indicate the electron charging areas, which suggest damaged 
area of graphene. 
 
Figure 2.10. Controlling the thickness of PMMA transfer layer by mixing chlorobenzene. 
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Two-terminal electrical resistance change versus the amount of swelling was characterized 
in Figure 2.7f. We compared the resistance of each sample with a reference sample (i.e., graphene 
transferred on a planar PDMS). As expected, the resistance was significantly higher when the 
substrate swelling was below the critical point, as there was a larger amount of damage to graphene. 
The resistance converged to that of the reference sample as the amount of swelling surpassed the 
threshold amount. The measurement of resistance was sensitive to the contact between the probe 
tip and graphene, which was the main source of the deviation of the resistance. 
 
2.4. Demonstration of the Versatility 
Finally, we demonstrated the 3D integration of graphene to target substrates with various 
3D geometries, as well as the 3D integration of AuNPs/graphene hybrid structures (Figure 2.11). 
Figure 2.11a−e shows the graphene integrated on elongated pyramids, circular pillars, square 
pillars, domes, and inverted pyramids, respectively. It should be noted that the optimal integration 
parameters are unique for each substrate. For instance, because it is more challenging to integrate 
graphene on a circular pillar due to its steep geometry (i.e., vertical wall) compared to pyramids, 
a higher amount of substrate swelling (≥ 30%) is required for the successful 3D integration of 
graphene. Domes and inverted pyramids, however, require lower amounts of substrate swelling (≤ 
20%). 
Notably, the integration of hybrid structure (i.e., AuNPs on graphene) is shown in Figure 
2.11f. As the inclusion of AuNPs on graphene increase the effective flexural rigidity and thus make 
it more difficult to achieve the 3D adaptation, the rate of successful integration is relatively lower 
than the bare graphene 3D integration with the same integration parameters (i.e., the amount of 
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swelling and the thickness of transfer film). Inset shows the schematic illustration corresponding 
to the SEM image (Figure 2.11f), and the higher magnification image is shown at the right panel 
to demonstrate the existence of AuNPs at the side walls. 
 
Figure 2.11. Demonstration of the versatility of 3D integration. (a−e) SEM images showing results 
of graphene integration onto (a) elongated pyramids, (b) circular pillars, (c) rectangular pillars, 
(d) domes, and (e) inverse pyramids. (f) SEM images of AuNPs/graphene hybrid structure 
integrated on pyramid substrate. The right panel shows the magnified image of the red dashed 
square in the left, demonstrating that there are AuNPs on the walls of the pyramid. 
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2.5. Conclusion 
Our results demonstrate a simple, versatile, and scalable method to integrate graphene with 
3D geometries with various morphologies and dimensions. Not only are these 3D features larger 
than those reported in previous works, but we also demonstrated the uniformity and damage-free 
nature of integrated graphene around the 3D features. We further elucidated the swelling, shrinking, 
and adaptation mechanisms to optimize the integration parameters. While our integration method 
applies to substrates that have swelling/shrinking properties and small wrinkles/crumples are 
generated during the substrate shrinkage, we believe that our method, which utilizes wet-transfer 
and adaptive substrate-engineering, has several key advantages over other fabrication/integration 
methods of 3D graphene, such as dry-transfer or direct synthesis. First, dry-transfer method of 2D 
materials such as graphene is not applicable for 3D substrates, in particular when the substrate 
contains sharp-angled geometries such as pyramids or pillars. Second, due to the vulnerability of 
substrates at high temperature, direct-synthesis is incompatible with polymeric/elastomeric 
substrates, which are crucial for flexible/stretchable electronics applications [38–40]. In addition, 
many flexible substrates such as elastomers, hydrogels, and polymers for flexible/stretchable 
electronics are swellable with a solvent. Furthermore, our method demonstrates a successful 
integration of graphene on a patterned substrate, where the spacing (λ) to height (H) ratio of 
microstructures is 3 ≤ λ/H ≤ 6. A λ / H ratio within this range would typically result in a suspension 
of graphene [41], which could lead to damage of graphene due to the capillary and tensile stress. 
Our method also offers a general pathway that is conducive to 3D integration of other 2D 
nanomaterials such as transition metal dichalcogenides. To the best of our knowledge, this study 
also represents the first to demonstrate graphene integration to a variety of different 
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microstructured geometries, including pyramids, pillars, domes, inverted pyramids, and the 3D 
integration of AuNPs/graphene hybrid structure. 
Our 3D integrated graphene can find a variety of future applications. First, our structure 
can be used as active biosensing devices that can be attached to the surfaces of human skin [42]. 
Human skin consists of many nonflat features, and a conformal contact on such nonflat surfaces is 
challenging for planar or curvilinear devices. The flexibility and 3D nature of our structure 
conform to the mechanical characteristics and multidimensionality of the human skin or biological 
systems [27,28]. Furthermore, it has been reported that sensor devices containing microstructures 
allow enhanced sensitivity via maximization of effective contact between the sensors and nonflat 
surfaces [42,43]. Not only that, our 3D integrated graphene can also be used as protruding 3D 
electrodes (i.e., tip-shaped electrodes) arrays for electrophysiological investigations of 
electrogenic cells/tissues. Such 3D electrodes allow the tissue penetration, facilitating the 
recording and stimulation of neural activities in the tissue slices [44,45]. 
In conclusion, we have developed a robust method to integrate graphene with substrates 
containing various 3D features with out-of-plane dimensions from 3.5 to 50 μm. Three sequential 
steps: substrate swelling, shrinking, and adaptation, are employed to realize damage-free 
integration of graphene. The material integrity of 3D integrated graphene was confirmed by SEM, 
AFM phase/amplitude imaging, and Raman spectroscopy. Furthermore, the amount of substrate 
swelling and the thickness of transfer film, which are the two critical integration parameters, were 
optimized to enhance the integration yield and reduce unwanted wrinkling. We further 
demonstrated the versatility of our integration method by application to various types of 3D 
geometries and the 3D integration of AuNPs/graphene hybrid structures. This wet-transfer, 
substrate-engineering based 3D integration method will enable the integration of other low-
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dimensional nanomaterials and realize mechanically robust/stretchable 3D electronics and 
bioelectronics in the future. 
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CHAPTER 3: HIERARCHICAL, DUAL-SCALE STRUCTURES OF ATOMICALLY 
THIN MOS2 FOR TUNABLE WETTING* 
 
3.1. Wettability of Conventional Two-Dimensional Materials 
Graphene has been the most extensively investigated 2D material, and thus the wettability 
of graphene has been studied substantially. For example, it has been reported that the wettability 
of graphene may be influenced by substrate effects, doping, and the number of layers [1–6]. It is 
known that the commonly observed wettability of graphene in ambient conditions show weak 
hydrophobicity due to airborne hydrocarbon adsorption (water contact angle (WCA) ~ 90°) [7,8]. 
More recently, molybdenum disulfide (MoS2), which is conventionally used as a solid lubricant 
[9] has been shown to have a 2D form analogous to graphene with even greater promise as a 
functional material for electronic devices and surface coatings [10,11]. Motivated by atomically 
thin MoS2’s potential, researchers have reported the wettability of nominally flat MoS2, such as 
the effect of hydrocarbon adsorption and layer number dependence [12,13]. For example, the WCA 
of MoS2 has been established as ~ 90° in ambient, as hydrocarbon adsorption causes MoS2 to 
appear hydrophobic [13].  
 
3.2. Motivation of Superhydrophobic and Tunable Wetting Coatings based on Two-
Dimensional Materials 
Superhydrophobic surfaces (WCA greater than 150°) are desirable as they lead to higher  
 
* The work presented in this chapter was published in Nano Letters, 17, 1756 (2017). 
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efficiency in heat and mass transfer, condensation processes, self-cleaning, and waterproofing as 
compared to conventional surfaces [14–18]. It is known that the hydrophobicity of graphene and 
other weak hydrophobic materials can be enhanced by increasing surface roughness [19,20]. For 
example, Yang et al. reported enhancement of graphene surface roughness through nanoflower-
structuring, tuning the WCA of graphene up to 140° [21]. Modulation of surface roughness can 
also be achieved by using prestrained or thermoplastic substrates where the release of prestrain or 
contractile deformation of thermoplastics induce crumpling of graphene [22–24].  
Notably, nanoflower-structured MoS2 has emerged as a key material system of interest, 
because of its potential applications as a catalyst for hydrogen evolution reactions (HER) [25,26], 
electrodes for alkali metal-ion batteries [27,28], and field-emitters for flat panel displays [29]. For 
example, Lu et al. reported that MoS2 nanoflowers exhibit enhanced hydrophobicity compared to 
flat MoS2, contributing the improvement of HER efficiency by rapidly driving off as-formed gas 
bubbles [30]. However, the precise influence of the specific nanoflower morphology on wettability 
has yet to be investigated. Thus, a systematic study is required to fully understand the factors that 
impact the wettability of MoS2 nanoflowers, specifically how controlled synthesis of nanoflower 
morphologies at the nanoscale, and mechanical crumpling at the microscale can be used to tune 
the wettability. Understanding the tunable wettability of flat and three-dimensionally (3D) 
crumpled MoS2 nanoflower is crucial to fully exploit the potential of MoS2 in the aforementioned 
applications and MoS2-based tunable wettability coatings for desalination and hydrogen evolution 
processes. 
To this end, we demonstrated tunable wettability of MoS2 nanoflowers by multiscale 
modulation of surface roughness through (1) tuning of nanoflower structures via metal−organic 
chemical vapor deposition (MOCVD) synthesis and (2) tuning of microscale crumples via 
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mechanical deformation. Initially, MoS2 nanoflowers exhibit WCAs in range of 90−130° 
depending on morphology. Implementing crumples of MoS2 nanoflowers using thermoplastic or 
prestrained substrates broadens the WCA tunability range to 80−155°, by providing multiscale 
tunability at the micro and nanoscales. Furthermore, our multiscale modulation allows the tuning 
of surface adhesion, represented by change of contact angle hysteresis (CAH). Such dual-scale, 
hierarchical patterning provides not only improved tunable wettability, but also 
superhydrophobicity [31,32]. Finally, we demonstrated that tunability is preserved after multiple 
cycles of stretching and releasing of the underlying substrates. Our results will improve the 
knowledge of the wettability of MoS2, contributing the realization of the full potential of future 
MoS2-based applications. 
 
3.3. Tunable Wetting of Atomically Thin MoS2 by Nanoscale Modulation of Surface 
Roughness 
MoS2 nanoflowers were synthesized using MOCVD on SiO2/Si substrates up to the 
centimeter scale (Figure 3.1). Molybdenum hexacarbonyl (Mo(CO)6) and hydrogen sulfide (H2S) 
were used as precursor materials, with the partial pressure ratio of 1:1. Carbonaceous impurities 
were first randomly deposited on SiO2/Si, acting as promoters of nucleation and growth of 
vertically standing MoS2 (Stranski-Krastanov growth mode) [33–35]. Synthesis was performed at 
350 °C with various chamber pressures and synthesis times, as described in Table 3.1.  
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Figure 3.1. Basic characterization of as-synthesized MoS2 nanoflowers. (a) Schematic illustration 
of as-synthesized MoS2 nanoflowers on SiO2/Si. (b) Photos of as-synthesized MoS2 nanoflower 
chips. Samples produced with longer synthesis time (samples #1−3) have tilted structures (θ = 
69.5 ± 13.1°) compared to those with shorter synthesis time (#4−5, θ = 83.6 ± 2.8°) (Table 3.1). 
(c) SEM and (d) AFM images of as-synthesized MoS2 nanoflowers. Scale bars: 200 nm (c) and 1 
μm (d). Values below (d) indicate the RMS roughness and tilting angles of each sample. 
 
Table 3.1. Synthesis parameters and the resulting structural characteristics for each sample. 
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Surface roughness and layer orientation can be modulated by varying synthesis pressure 
and time (Table 3.1). Five different types of nanoflowers were prepared (samples #1−5, Figure 
3.1b). Samples #1−3 and #4−5 have layer orientation (θ) of 69.5 ± 13.1° and 83.6 ± 2.8° with 
respect to substrates, respectively (Figure 3.1a and Table 3.1), as characterized by transmission 
electron microscopy (TEM) (Figure 3.2). The surface roughness, characterized by atomic force 
microscopy (AFM), is in descending order within sample #1−3 and also within #4−5, where 
samples #1 (4) and 3 (5) possess the roughest and flattest surfaces in their respective groups. Figure 
3.1c,d shows their corresponding scanning electron microscopy (SEM) and AFM images. Raman 
spectroscopy characterizations show peaks at ~382 and 409 cm-1, representing E12g and A1g modes, 
respectively (Figure 3.2a) [36]. In addition, X-ray photoelectron spectroscopy (XPS) 
characterizations for Mo(3d) and S(2p) regions are shown in Figure 3.2d−f. The Mo4+d5/2 and 
Mo4+d3/2 peaks in the Mo(3d) region and the 2p1/2 and 2p3/2 peaks in the S(2p) region further 
demonstrate the successful synthesis of MoS2 nanoflowers [12,37,38], with the stoichiometric ratio 
of Mo:S = 1:2.4. 
To systematically investigate the wettability of MoS2 nanoflowers as a function of surface 
roughness and layer orientation, the static WCAs of macroscopic and microscopic water droplets 
were measured using goniometry (Figure 3.3a) and environmental SEM (E-SEM, Figure 3.3b), 
respectively. The WCAs of MoS2 nanoflowers measured by E-SEM are in the range of 90−130°, 
slightly higher compared to those measured by goniometer. This can be attributed to the reduced 
gravitational effect on smaller, lower mass droplets and the continuous growth of water droplets 
in condensation mode, causing the drop to continuously advance during measurement resulting in 
an increased (advancing) WCA. As expected, rougher MoS2 nanoflowers (#1,4) exhibit higher 
WCAs compared to their flat counterparts (#3,5) (Figure 3.3c) [19,20]. Moreover, comparing 
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samples #2 and 4 (which possess similar surface roughness), it was found that nanoflowers with 
perpendicular orientation (θ ~ 83.6 ± 2.8°, sample #4) exhibit higher WCAs compared to tilted 
orientation nanoflowers (θ ~ 69.5 ± 13.1°, sample #2). 
 
Figure 3.2. Raman spectra (a) and cross-section TEM images of #1 (b) and #4 (c). (d-f) XPS 
characterization results of each sample.  
Another important measure of surface wettability is CAH, which represents the adhesion 
between water and a surface. The WCA values have a range between advancing (maximal) and 
receding (minimal) WCAs, arising from the molecular rearrangements at solid−liquid interfaces 
after they come into contact [39]. Thus, CAH was calculated from the difference between the 
advancing and receding WCAs, which were measured using the dynamic sessile drop method: 
inflating and deflating the volume of droplets, respectively. Figure 3.3d compares the advancing 
and receding WCAs of all samples; in the roughness region of 1−10 nm, samples with rougher 
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surfaces (e.g., #1) show higher hysteresis compared to flat samples (e.g., #3). This result is 
consistent with the theoretically simulated result of Johnson and Dettre, where CAH increases with 
increasing surface roughness in low roughness regimes [40]. 
 
Figure 3.3. Tunable wettability of MoS2 nanoflowers by manipulation of the nanostructure. (a) 
Macroscopic WCA measurement using goniometer. Scale bars: 500 μm. (b) Microscopic WCA 
measurement by water condensation using E-SEM. Scale bars: 5 μm. (c) Tunable static WCAs as 
measured by goniometer and E-SEM at different roughness values. (d) Advancing/receding WCAs 
of MoS2 nanoflowers depending on the nanostructure. 
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3.4. Tunable Wetting of Atomically Thin MoS2 by Hierarchical, Dual Scale Modulation of 
Surface Roughness  
In addition to the modulation of WCA via tuning the nanoscale growth morphology, 
another degree of structural tunability at the microscale was enabled by mechanically induced 
crumpling. To prepare the crumpling process, as-synthesized MoS2 nanoflowers were transferred 
onto polystyrene (PS) substrates based on the conventional wet-transfer method as described in 
the following. First, MoS2 nanoflowers on SiO2/Si substrate were spin-coated with poly(methyl 
methacrylate) (PMMA) which serves as a support layer. The underlying SiO2 substrates were 
subsequently etched using a 1M potassium hydroxide (KOH) solution, and the floating 
PMMA/MoS2 nanoflowers were carefully rinsed several times through transfer to and from 
deionized (DI) water baths. Target substrates (polystyrene or Ecoflex) were pre-treated using 
oxygen plasma (250 W for 5 seconds), and floating PMMA/MoS2 nanoflowers were transferred 
onto the substrates and left to dry and adhere to the surface. Finally, PMMA was removed by 
washing in an acetic acid or acetone. Figure 3.4 demonstrates that the morphology of nanoflowers 
was preserved after the transfer, although a small decrease of WCA indicates inevitable defects 
developed during the transfer.  
 
Figure 3.4. Characterizations of sample #1 after transfer on a polystyrene substrate. SEM (a) and 
AFM (b) images show that the morphology of nanoflowers is preserved, except small defects that 
developed during the transfer. The goniometer (c) and E-SEM (d) characterizations of the 
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transferred nanoflower. WCA after the transfer shows a small decrease of WCA (~10°) due to 
these defects. Scale bars: 500 nm, 1 µm, 500 µm, and 10 µm, respectively. 
Subsequently, thermally activated contractile transformation of PS was exploited by 
heating above the glass transition temperature of PS (~ 100 °C) to obtain additional microscale 
crumples of MoS2 nanoflowers (Figure 3.5a,b) [23,41,42]. Here, we selected samples #1 and 3 (the 
roughest and flattest, respectively) to compare the effect of additional microscale structural tuning. 
The AFM (Figure 3.5d,f) and SEM images (Figure 3.6) show the development of crumples as a 
function of the macroscopic compressive strain in the PS. As a result, the WCAs of the dual scale 
patterned MoS2 increase accordingly (Figure 3.5c,e,g) as the root-mean-square (RMS) roughness 
measured by AFM increases up to 250 nm (for sample #1) at 60% compressive strain (Figure 3.7). 
Here, the range of achievable WCAs is widened to 80−155°, resulting from the dual-scale 
modulation of surface roughness. Bare PS substrate without MoS2 nanoflowers does not show 
significant change of morphology and WCA upon crumpling (Figure 3.8), demonstrating that the 
wide tunability of WCAs results from crumpling of MoS2 nanoflowers. 
Furthermore, the CAH of crumpled sample #1 (the roughest) becomes smaller (~ 20°, 
Figure 3.5c) compared to the as-synthesized MoS2 nanoflowers without crumpling (~ 40°, Figure 
3.3d). This demonstrates the tunable adhesion of water to MoS2 nanoflowers via mechanical 
crumpling. This reduced CAH is attributed to the crumpling-induced enhanced density of micro 
and nanostructures [43], where liquid−air−solid composite configuration is energetically preferred 
[40]. In contrast, sample #3, which is close to flat MoS2, shows negligible tunability of CAH. We 
note that both the as-synthesized and crumpled MoS2 nanoflowers exhibit droplet pinning (Figure 
3.9), due to the petal effect in the Cassie impregnating wetting regime. This petal effect exhibits 
relatively high CAH compared to the lotus effect (CAH ~ 5°), which causes droplets to pin on the 
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surface instead of sliding. Nevertheless, crumpled nanoflowers show reduced droplet adhesion 
compared to as-synthesized MoS2 nanoflowers. As a result, a droplet cannot be easily placed onto 
the crumpled nanoflower surface with a pipette.  
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Figure 3.5. Tunable wettability of MoS2 nanoflowers by manipulation of the microstructure. (a) 
Photos of as-transferred (upper panel) and crumpled (lower panel) MoS2 nanoflowers on a PS 
substrate. Scale bars: 1 cm. (b) Schematic illustrations (upper panel) and SEM images (lower 
panel) of crumpled MoS2 nanoflowers via thermal shrinkage of a PS substrate. Scale bars: 500 nm 
(lower left) and 100 nm (lower right). (c) Tunable advancing/static/receding WCAs of MoS2 
nanoflowers as a function of macroscopic compressive strain. Triangles denote the #1 nanoflowers 
(the roughest), whereas circles represent the #3 nanoflowers (the flattest). AFM height (d) and 
droplet images (e) of #1 nanoflower sample at each compressive strain. Scale bars: 1 μm (d) and 
500 μm (e). AFM height (f) and droplet images (g) of #3 nanoflower sample at each compressive 
strain. Scale bars: 1 μm (f) and 500 μm (g). 
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Figure 3.6. SEM images of MoS2 nanoflowers after transferred and crumpled on polystyrene. 
Scale bars: 500 nm. 
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Figure 3.7. RMS roughness of crumpled nanoflowers on a polystyrene as a function of 
macroscopic compressive strain. 
 
Figure 3.8. Control experiments with a bare polystyrene substrate. AFM (a,d), SEM (b,e), and 
water droplet (c,f) images of a bare polystyrene substrate before (a-c) and after (d-f) crumpling. 
Scale bars: 1 µm (a,d), 500 nm (b,e), and 500 µm (c,f). 
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Figure 3.9. Droplet pinned onto intrinsic (a,b) and crumpled (c,d) #1 nanoflowers, demonstrating 
the petal state. 
 
3.5. Real-Time, Dynamic Modulation of the Wettability of MoS2  
Based on the aforementioned multiscale tunability, we demonstrated that the wettability of 
our MoS2 nanoflowers can be dynamically modulated and is reversible by controlling the 
microscale crumples using a stretchable elastomer substrate. We transferred MoS2 nanoflowers 
onto a 200% biaxially prestrained Ecoflex substrate. As the prestrain is released, compression and 
crumpling of the nanoflowers will result. Subsequent restretching of the Ecoflex substrates 
reverses crumpling of the nanoflowers, allowing the dynamic change of WCA of nanoflowers. We 
measured WCAs while applying and/or releasing biaxial strains up to 200% (Figures 3.10-12), 
both of which exhibit similar trends and values. A slight reduction (~ 5°) is observed between the 
WCA of an as-transferred MoS2 nanoflower and a sample fully restretched to 200% strain, i.e., 
until it has resumed a flat configuration. The WCAs of nanoflowers on Ecoflex show similar trends 
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as the WCAs of crumpled nanoflowers on PS (Figure 3.5), where the WCA increases with the 
crumpling of MoS2 nanoflowers. We show representative droplet images and corresponding SEM 
images of crumpled nanoflowers at each strain value in Figure 3.13−15. The discrepancy in WCAs 
of MoS2 nanoflowers on Ecoflex and PS can be attributed to the different roughness and surface 
energy values of these substrates, which affect the roughness and quality of transferred 
nanoflowers. 
Finally, we demonstrated the robustness of the crumpled nanoflowers by applying up to 
1000 stretch and release cycles (Figure 3.10b). The maximum applied strain during cycling was 
set relatively low as 180%, with a higher applied prestrain of 250%, to prevent potential damage 
to nanoflowers which might occur on full restretching. The measurement of static WCA was 
performed at the 180% strain segment of each stretch and release cycle. The static WCA values 
obtained during stretch/ release cycles show negligible change compared to the initially measured 
WCA (within ± 3°) (Figures 3.10 and 3.16) indicating the robustness and consistency of strain-
tunable wettability. Furthermore, the SEM images of nanoflowers after 1000 cycles do not show 
observable damage (inset of Figure 3.10b), further confirming the durability of our crumpled 
nanoflowers. 
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Figure 3.10. Dynamic measurement of wettability as a function of substrate stretching. (a) 
Wettability of sample #1 on Ecoflex as a function of biaxial tensile strain. The sample was 
transferred onto a 200% prestrained Ecoflex, followed by releasing the prestrain to induce 
crumpling. Measurement was performed while the biaxial tensile strain was applied. Inset: SEM 
images of sample #1 on Ecoflex at crumpled (left) and stretched (right) states. Scale bars: 5 μm. 
(b) Preservation of wettability during 1000 cyclic biaxial stretching and releasing. Inset: SEM 
images of 180% restretched sample #1 on Ecoflex after first cycle (left) and 1000 cycles (right). 
Scale bars: 5 μm. 
 
Figure 3.11. Dynamic measurement of wettability with sample #3. 
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Figure 3.12. Dynamic measurement of wettability during the releasing of pre-strain.  
 
Figure 3.13. Droplet images on samples #1 and #3 at various tensile strain values of underlying 
Ecoflex. 
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Figure 3.14. SEM images (magnification: 10,000 X) of samples #1 and #3 at various tensile strain 
values of underlying Ecoflex. Scale bars: 5 µm. 
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Figure 3.15. High magnification (60,000 X) SEM images of samples #1 at as-transferred, released, 
and restretched, demonstrating the structural intact of nanoflowers during strain cycling. Scale 
bars: 500 nm. 
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3.6. Conclusion 
These results represent a significant step toward tunable wettability of MoS2 via multiscale 
mechanical modulation of surface roughness. Although tunable wettability has been studied by 
changing surface roughness via chemical synthesis [21] or crumpling [22] with graphene, these 
studies have used only modulation of single-scale features (either micro or nanostructure), whereas 
multiscale structural hierarchy provides enhanced and stable control of wettability [31,43]. 
Compared to the direct growth method on patterned substrates to realize different levels of 
hydrophobicity, mechanical crumpling allows reconfigurable modulation of the roughness as a 
function of the strain in substrates, and thus achieves reversible, dynamic, and facile control of the 
wettability using a variety of soft and stretchable substrates. Our study provides appropriate degree 
of hydrophobicity for various potential applications, such as waterproof electronic devices with 
superhydrophobicity (WCA > 150°), or medical applications with reduced hydrophobicity (WCA 
< 100°) for effective contact with biological substances [16,44]. Furthermore, our crumpled MoS2 
nanoflower can be used as a tunable wettability coating for separation membranes and hydrogen 
evolution systems [45–47]. Finally, our study expands the knowledge of tunable wettability of 
generic 2D materials, improving applications based on molybdenum diselenide (MoSe2) [48], 
tungsten disulfide (WS2) [49], and vanadium disulfide (VS2) monolayers [50]. 
In conclusion, we have demonstrated tunable wettability of MoS2 nanoflowers via 
modulation of multiscale roughness. We controlled the nanoscale and microscale topographies of 
MoS2 nanoflowers using chemical synthesis and mechanical deformation, respectively. Multiscale 
modulation of surface roughness allowed for the achievement of tunable WCAs in the range of 
80−155°. The crumpled MoS2 nanoflowers show reduced CAH compared to as-synthesized 
nanoflowers, demonstrating the capability of tuning the adhesive force between water and 
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nanoflowers. In addition, wettability of MoS2 nanoflowers could be dynamically modulated using 
a stretchable substrate and demonstrated robustness during multiple cycles of stretch and release. 
Our study will provide new insight into the design of rough surfaces and control of surface 
wettability, contributing to the advancement of future devices utilizing MoS2-based surfaces. 
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CHAPTER 4: THREE-DIMENSIONAL HIERARCHICAL PATTERNING OF 
GRAPHENE FOR ADVANCED BIOSENSING PLATFORMS 
 
4.1. Introduction 
Hierarchical systems that consist of multilevel architectures (both micro and nanoscale) are 
universally found in nature, where the combination of micro and nanostructures introduce unique 
and advanced functions (e.g., superhydrophobicity, directional adhesion, structural color) [1–6]. 
For example, lotus leaves and butterfly wings possess unique hierarchical structures that enable 
non-wetting and anti-biofouling surfaces, which are both critical for their survival [7,8]. Moreover, 
gecko feet are composed of fine microscale foot hairs (setae) that split into numerous nanoscale 
branches (spatulae), allowing the directional adhesion and wall-climbing capability [9–11]. 
Inspired by such natural systems and their unique characteristics, artificial multilevel patterning 
strategies have been extensively investigated to mimic the hierarchical structures with improved 
performances and even to discover new functionalities [12–18]. 
Previous approaches to achieve artificial hierarchical (micro + nanoscale) structures 
include a dual-step UV-assisted molding of polyurethane acrylate (PUA) to mimic gecko feet [19], 
two-step processes of the microscale fabrication and nanoscale chemical synthesis using 
polyvinylsiloxane (PLB) and alkane n-hexatriacontane [20], and sequential shrinking of a plasma-
induced skin layer on thermoplastic substrates (e.g., polystyrene) [21], demonstrating biomimetic 
functionalities such as superhydrophobicity and direction adhesion properties. While those 
previous biomimetic hierarchical structuring efforts have been mainly focused on the use of 
conventional materials and processes, limited works have been reported for two-dimensional (2D) 
materials (e.g., graphene) despite a few demonstrations using reduced graphene oxide (rGO) and 
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GO flakes [22]. Being as a promising functional material for future surface coating and interfacial 
applications [23,24], graphene based biomimetic hierarchical architecture with facile and low-cost 
process suggests a new structural platform for investigation of unexplored potentiality of 3D 
architectured graphene.   
In this work, we introduce a new facile, low-cost, and large-area fabrication approach to 
achieve hierarchical, multiscale structures of graphene by a combined use of 3D microstructured 
substrates and mechanically-induced nanoscale crumples, and discovered new functionalities 
based on our structures. Beyond our previous single scale (microscale) patterning based on the 
swelling/shrinking strategy [25], additional nanoscale crumple patterns were achieved by 
increasing the prestrain (swelling) of substrates [26–28]. Instead of the previous swelling/shrinking 
method, mechanical stretching/releasing was adopted in this work to achieve higher degree of 
prestrain, as well as to provide a facile and precise control of the substrate prestrain. In addition to 
the 3D hierarchical architecturing capability, we demonstrated that our large-area and low-cost 3D 
hierarchical patterning strategy allows strain engineering in graphene, and furthermore, provides 
advanced field-effect transistor (FET) biosensing platforms.  
 
4.2. Preparation of Hierarchically Patterned Graphene 
Figure 4.1 shows the schematic illustrations of the 3D hierarchical patterning mechanism. 
First, we prepared 3D micro-dome structured substrates (Figure 4.1a) by molding stretchable 
elastomeric material (e.g., Ecoflex, polydimethylsiloxane (PDMS)) on a micropatterned Si mold. 
Here, the 3D micro-dome-shaped Si mold was produced by patterning an <100> silicon wafer by 
the standard photolithography process, followed by the isotropic wet-etching using the mixture of 
- 62 - 
 
hydrofluoric acid, nitric acid, and acetic acid (20:60:160 in volume). Next, the 3D micro-dome 
structured stretchable substrate was mechanically prestrained biaxially (i.e., two orthogonal 
directions in plane) (Figure 4.1b). Then graphene was transferred on the prestrained substrate by 
using the standard solution-transfer method (Figure 4.1c) based on a thin poly(methyl methacrylate) 
(PMMA) as the sacrificial transfer film. Finally, the prestrain in the substrate was released, 
producing hierarchically patterned graphene that consists of 3D dual-scale structures (i.e., 
microscale corrugations by the underlying substrate, and nanoscale crumples by the mechanical 
instability-driven buckling) (Figure 4.1d). Figure 4.2 provides a 3D isometric view of the 
schematic drawings that show the overall fabrication process and illustrate the large-area 
patterning capability. 
 
Figure 4.1. The hierarchical patterning process of graphene. (a) Ecoflex substrate with 3D 
microstructures was prepared by molding on a micropatterned Si mold. (b) The 3D Ecoflex 
substrate was mechanically prestrained in two orthogonal directions. (c) Graphene was 
subsequently transferred on the prestrained 3D Ecoflex by using the conventional wet-transfer 
technique. (d) As the prestrain in Ecoflex substrate was released, hierarchical, dual scale pattern 
of graphene was achieved. 
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Figure 4.2. 3D isometric view of the schematic illustrations that shows the overall fabrication 
process. 
 The scanning electron microscopy (SEM) images (Figure 4.3) demonstrate the successful 
3D dual-scale hierarchical patterning of graphene on microstructure substrates. The clear SEM 
images without significant electron charging indicate the damage-free nature of our hierarchically 
patterned graphene. Moreover, the Raman spectroscopy characterization results (with 633 nm laser) 
exhibit Large 2D to G-band intensity ratio and negligible D-band intensity (Figure 4.4), 
demonstrating the intactness of monolayer graphene after the integration [29]. The Raman peaks 
at 1,250 cm-1 and 1400 cm-1 are resulted from the underlying Ecoflex substrate. 
 
Figure 4.3. SEM images of hierarchically patterned graphene on microstructure arrays. Scale 
bars: 10 μm. 
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Figure 4.4. Raman spectra at the apex and base regions of the microstructure arrays produced 
with various pre-strain values. 
In addition, the degree of nanoscale crumples could be modulated as a function of the 
substrate prestrain. Figure 4.5 shows the SEM and atomic force microscopy (AFM) images in 
smaller areas, and the characterizations of the crumpled pitch (i.e., wavelength) and roughness 
with various prestrain. The SEM images in Figure 4.5a-b show that the density of graphene 
crumples increases with a higher prestrain of substrates, both at the apex (Figure 4.5a) and base 
(Figure 4.5b) regions of the hierarchically patterned array. The pitch distances of the crumples 
were calculated from the SEM images using the Fast Fourier Transform function in the ImageJ 
software. Figure 4.5c shows that the crumple pitch decreases with a higher prestrain of substrates, 
implying that the density of graphene crumple increases with the prestrain, due to the more degree 
of buckle-delamination-induced crumpling with a higher prestrain. Here, the density of graphene 
crumples is higher on the base regions of the array; as the suppressed height of the microstructures 
during the prestraining (Figure 4.1c) recovers upon the releasing (Figure 4.1d), a small tensile 
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strain is applied to the transferred graphene on the apex, thereby decreasing the effective prestrain 
on that region.  
 
Figure 4.5. Modulation of the nanoscale roughness in hierarchically patterned graphene. (a) SEM 
images of hierarchical graphene patterns with various pre-strains. Scale bars: 3 µm. (b) SEM 
images of nearby flat regions. Scale bars: 2 µm. (c) Control of nanoscale crumple pitch at the 
apex and base regions of the microstructure arrays as a function of the pre-strain. AFM images of 
graphene crumples at the apex (d) and base (e) regions of the microstructure arrays. Scale bars: 
500 nm. (f) Control of RMS roughness of graphene crumples at the apex and base regions of the 
microstructure arrays as a function of pre-strain. 
The AFM characterization results further exhibit that the nanoscale roughness level 
increases with a higher prestrain both at the apex and base regions (Figure 4.5d-f). The increase of 
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the root-mean-square (RMS) roughness levels is attributed to the combined effects of the increase 
in the average heights of crumples, as well as the increase in the density of crumples. As observed 
similarly in the crumple pitch characterizations (Figure 4.5c), the roughness level at the apex 
regions is smaller than that at the base regions, due to the decreased effective prestrain on apex 
regions (Figure 4.5f). 
 
4.3. Control of Strain in Graphene via Hierarchical Patterning 
In addition to the 3D hierarchical architecturing capability, we achieved strain engineering 
of graphene by controlling the substrate prestrain and the degree of buckle-delamination-induced 
crumpling. Tensile and compressive strain levels in graphene could be measured by the 2D- and 
G-band shifts in Raman spectra, where blue- and red-shifts of the bands indicate the compressive 
and tensile strain in graphene, respectively [30–32]. Figure 4.6 shows that compressive strains 
both on the apex and base regions sublinearly increase with the prestrain (up to 8 cm-1 blueshift 
that corresponds to ~0.13 % compression), demonstrating strain engineering of graphene. The 
modulation of tensile and compressive strain in graphene is mainly attributed to the substrate 
prestrain-induced compression and buckling of graphene. In addition, the frequencies of the 2D- 
and G-bands on the apex regions were generally lower than those on base regions, implying smaller 
compressive strain on the apex regions due to the aforementioned decreased effective strain.  
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Figure 4.6. Raman spectroscopy measurements of hierarchically patterned graphene, and 
characterizations of tensile and compressive strain as a function of the substrate prestrain. 
 
4.4. Enhancement of Bio-Sensitivity of Hierarchically Patterned Graphene Sensor Devices 
 When our 3D architectured hierarchically patterned graphene is exploited as a biosensor, 
it is expected that the 3D sensing channel exhibits enhancements in bio-sensitivity by providing 
higher binding density for target biomaterials and allowing efficient 3D diffusion of biomolecules 
toward the sensing channel compared to 2D diffusion on flat devices. To demonstrate our 
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hypothesis, we prepared solution-gated FET glucose sensors [33,34] based on the 3D architectured 
graphene (Figure 4.7a-b).  
Graphene FET biosensors detect biotargets (e.g., glucose) in gate electrolyte that induce 
doping effects in functionalized (e.g., by glucose oxidase) graphene channels. For example, the 
glucose sensing on graphene is based on an enzymatic reaction catalyzed by glucose oxidase as 
shown in the following formulas [35,36]: 
glucose + glucose oxidase(ox) → gluconic acid + glucose oxidase(red) 
glucose oxidase(red) + 2mediator(ox) → glucose oxidase(ox) + 2mediator(red) + 2H+ 
2mediator(red) → 2mediator(ox) + 2e- 
where glucose oxidase(ox) and glucose oxidase(red) are the oxidized and reduced forms of glucose 
oxidase, respectively. The formulas indicate that glucose molecules induce an n-doping effect 
resulting from the direct electron transfer to the graphene channel. Such n-doping effects result in 
negative horizontal shifts of the charge transport curve (ISD-VG) of graphene, which are 
characterized by the shift of the charge neutrality point (i.e., Dirac point) and the change of current 
levels (at p-/n-type regimes) [37–39]. Therefore, a higher binding density for glucose oxidase and 
more efficient diffusion of glucose toward the 3D functionalized channels are expected to enable 
a larger charge neutrality point shift and current level changes, and thus lead to the higher bio-
sensitivity (Figure 4.7c). We further hypothesize that an increase of Debye length (i.e., the length 
where charges are electrically screened) due to the 3D architecturing might also contribute the 
enhanced Coulomb interaction between charged biotargets and sensing channel [40], although 
more theoretical and experimental verifications are required.  
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Figure 4.7. 3D hierarchically (micro + nanoscale) patterned graphene for an advanced biosensing 
platform. (a) Schematic illustration of a FET biosensor based on a 3D hierarchically patterned 
graphene channel. (b) High magnification schematic drawing of (a). (c) Schematic illustration of 
the interaction between target biochemical molecules (glucose) with functionalized (with glucose 
oxidase) 3D graphene channels. The multidimensionality of the 3D hierarchical structures 
provides a higher density of binding sites for the glucose oxidase and allows more efficient 3D 
diffusion of glucose molecules toward the functionalized channels (compared to 2D diffusion to 
flat channels).  
 Next, we performed electrical ISD-VG measurements to characterize the sensitivity of 
hierarchically patterned sensors and compared with single-scale crumpled devices. The channel 
functionalization was performed with glucose oxidase solution (30 mg glucose oxidase powder 
(from Sigma Aldrich) dissolved in 2 mL 1x phosphate buffer saline (PBS)) for 12 hours in room 
temperature [35]. Glucose solutions with various concentrations (from 1 nM to 100 μM) were 
prepared based on the same 1x PBS and were used as the gate solutions. Small source-drain bias 
(50 mV) and a minimal gate sweep range was used for the measurements to avoid degradation of 
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biotargets and functionalized channels resulting from high currents, and to minimize gate leakage 
currents. Figure 4.8a-d demonstrate that the bio-sensitivity of dual-scale, hierarchically patterned 
graphene is significantly enhanced compared to the single-scale (i.e., nanoscale) crumpled 
graphene, in terms of the Dirac point shift (~ 66.7 % enhancement). Such enhancement of bio-
sensitivity is mainly attributed to the enhanced density of functionalized glucose oxidase and the 
efficient diffusion of glucose on hierarchically structured sensing channels compared to single-
scale crumpled devices, and potentially the increase of Debye length.  
 In addition to the Dirac point shift, we performed direct and complementary current 
measurements at p-/n-type regimes of graphene. The gate bias for the p-/n-type regimes were 
selected such that the transconductance levels (i.e., dISD/dVG) were maximized. Interestingly, 
although the Dirac point shift exhibited ~ 66.7% enhancement (Figure 4.8a-d), the current changes 
in both p-/n-type regimes do not exhibit such significant improvement (i.e., less than 20%, see 
Figure 4.8e-f). The difference could be attributed to the disruption of the electrical double layer 
(EDL) formation at the interface between 3D architectured channel and gate electrolyte [40,41], 
which lead to the degradation of EDL capacitance, and thus the decreases of transconductance 
levels and the current changes.  
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Figure 4.8. Comparison of biosensing capabilities of graphene FET sensors with various channel 
topographies. (a-b) Glucose sensing capabilities of graphene FET sensors with hierarchical, dual-
scale patterned channels (a) and single-scale crumpled channels (b). Dirac point shifts (c-d) and 
the complementary current sensing results (e-f) of each graphene FET sensor with different 
channel topographies.   




 In conclusion, we demonstrated a facile and robust approach to fabricate dual-scale, 
hierarchically patterned graphene based on the combined use of 3D microscale integration and 
mechanical instability-driven nanoscale crumpling. In addition to the novel biomimetic structuring 
capability, our hierarchical patterning strategy allowed spatially heterogeneous strain engineering 
and paved a way for an advanced graphene-based biosensing platform. Our work represents a 
significant advancement in graphene-based biomimetics compared to previous demonstrations, 
exhibiting novel extraordinary functionalities that have not been reported or surpassing those 
reported previously. We believe that our work will promote a variety of 3D architecturing research 
based on 2D materials and open a new prospect in area of FET biosensors. 
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CHAPTER 5: STIMULATION AND RECORDING OF OPTOGENETICALLY 
ENCODED SKELETAL MUSCLE CELLS AND NEURONS BASED ON GRAPHENE 
FIELD-EFFECT TRANSISTORS 
 
5.1. Motivation: Control of Nonspontaneous Cells and Simultaneous Sensing 
Nanomaterials offer promising platforms for establishing intimate interface with biological 
systems, owing to their unique electrical, optical, mechanical properties and large surface-to-
volume ratio [1–5]. Therefore, biosensors based on various nanomaterials, such as silicon 
nanowires (SiNWs), carbon nanotubes (CNTs), and AlGaN/GaN heterostructures have been 
investigated, demonstrating excellent spatial resolution, high signal-to-noise ratio recording, and 
enhanced device/cell interfacial coupling [6–11]. Among numerous nanomaterials-based 
bioelectronic platforms, graphene has been shown to be an advanced building block with even 
greater promise over zero- and one-dimensional nanomaterials, owing to its superlative carrier 
mobility (i.e., sensitivity), compatibility with conventional top-down approaches (for scalable and 
low-cost process), and the complementary field-effect sensing capability (both at the p- and n-type 
regimes) [12,13]. In addition, the chemical stability, biocompatibility, and low environmental 
impact of graphene allow the integration with biological systems [14,15], enabling non-invasive 
implantable biosensing platforms and prosthetics.  
Compared to other conventional biosensing strategies (e.g., patch clamp, glass pipette, etc.), 
field-effect transistor (FET) sensing is a simple yet promising candidate that provides electrical 
detection of various biotargets [16,17] while being fully integrated with conventional electronic 
chips [18]. FET provides biosensing upon the interface between biotargets and sensing channel, 
which induces change of the charge carrier density in the sensing channel and thus the conductance 
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between the source and drain [19,20]. Previous graphene-based biosensing studies include pH 
sensor [21], glucose sensors [22], and recording of action potential from cardiomyocytes [23]. 
However, those studies have been mainly focused on the detection of biochemical molecules 
[22,24] and cells with endogenous oscillatory actuation (i.e., spontaneously beating cells) [23,25], 
whereas the simultaneous electrical detection of stimulated behavior of other generic mammalian 
phenotypes (e.g., nonspontaneous cells) has not been actively investigated. 
Optogenetic engineering techniques have allowed the non-invasive stimulation of 
nonspontaneous cells (e.g., C2C12, HEK293, H134R, etc.) [26,27] via light-stimulations, 
providing a refined manipulation tool for cellular activities [28,29]. In this regard, a variety of 
light-stimulated behaviors of optogenetically encoded cells have been reported, such as light-
controlled bio-actuators [30,31]. However, electrical recording of action potential which reflects 
the light-stimulated behaviors of optogenetically encoded cells has not been thoroughly 
investigated. Direct current sensing of such light-stimulated action potentials based on graphene 
FETs, therefore, offers the promise for an advanced understanding on cellular activities and 
furthermore paves the way for future diagnostic devices.   
In this work, we report light-stimulation of optogenetically encoded mouse-derived 
skeletal muscle cell lines (C2C12) and neurons, and their simultaneous electrical recording based 
on graphene FETs. C2C12 and neural cells transfected with channelrhodopsin-2 (ChR2) were used 
to express ChR2 [31,32], and graphene FET arrays were prepared by the deposition of graphene 
on quartz substrates followed by the standard photolithography processes. The light-stimulation 
with various frequencies (0.5 to 4.0 Hz) and pulse-widths (50 to 500 ms) generated reproducible 
contractions of the differentiated ChR2-expressing C2C12 and neurons, which were recorded as 
the biphasic current signals (i.e., opening and closing of ion channels) both at the p- and n-type 
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regimes of graphene FETs. Control experiments without cells showed no biphasic current peaks 
under the same light-stimulations, demonstrating the current signals resulted from the myogenic 
and neuronal action potentials instead of the photoresponse of graphene. Our work, demonstrating 
simultaneous electrical recordings of optically stimulated skeletal muscle cells and neurons based 
on graphene FETs, will open up unique opportunities in the field of nano-bioelectronics and 
electrophysiology in the future. 
 
5.2. Preparation of Graphene Field-Effect Transistor Sensors 
Figure 5.1a shows a photo of the graphene FET chip for the simultaneous light-stimulation 
and electrical recording. First, alignment marks were patterned on a quartz substrate for the 
subsequent configurations of microchannels, electrodes, and passivation. Second, monolayer 
graphene synthesized by chemical vapor deposition (CVD) was transferred onto the substrate 
using the poly(methyl methacrylate) (PMMA)-assisted wet-transfer technique. The transferred 
graphene was annealed at high temperature (500 °C for 3 hours in Argon environment), and 
subsequently patterned by the standard photolithography process and oxygen (O2) plasma etching 
(500 W for 10 seconds). Then, Au/Cr (50 nm / 3 nm) electrodes were patterned by the 
photolithography and e-beam evaporation. Finally, the sensing channels were passivated with SU-
8 (thickness ~ 1.7 μm), with squares in the middle of the channels for the graphene-biomaterial 
interfaces. For containment of the cell cultures, a cylindrical glass well was attached on the channel 
region.  
The FET chip consists of four sensing arrays (S1 – S4), and each sensing array comprises 
of nine sensing channels (D1 – D9), constituting 36 sensing channels in total. Figure 5.1b shows 
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an optical microscopy (OM) image of one of the sensing arrays. Figure 5.1c shows the charge 
transport characteristic of the graphene FET, with Dulbecco's Modified Eagle's Medium (DMEM) 
as the gate solution. The positive charge neutrality point (i.e., Dirac point) is attributed to the 
doping and charge traps from the underlying substrate, as well as airborne water vapors and oxygen 
molecules. We note that retaining low Dirac point level (i.e., close to 0 V) is important for the 
stable detection (VG < ~ 0.4 V), as a low gate voltage minimizes gate leakage currents both at p-
/n-type regimes and avoids damaging the sensing targets in the gate solution. 
 
Figure 5.1. Basic characterizations of the graphene FET chip. (a) Photo of the graphene FET chip 
with a glass well for cell cultures. (b) OM image of one of the sensing arrays. Scale bar: 100 μm. 
(c) Charge transport characteristic (i.e., I-Vg curve) of one of the sensing channels. 
To characterize the long-term stability of the graphene FET chip for a future implantable 
device, we measured the channel resistances (Figure 5.2a), Dirac points (Figure 5.2b), and p-/n-
type transconductance levels (Figure 5.2c) of all the 36 sensing channels. Figure 5.2 shows that 
our graphene FET chip is robust and operational in room-temperature phosphate buffer saline (PBS) 
up to 70 days, despite a minimal degradation of channel resistances and transconductance levels. 
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Figure 5.2. Graphene FET sensor devices (36 channels) aged in PBS (up to 70 days) showed 
robust performance and minimal device degradation. 
 
5.3. Stimulation of Optogenetically Encoded Cells and the Simultaneous Electrical Sensing  
Before the simultaneous stimulation and recording test, we performed control experiments 
without the optogenetically encoded cells to check the photoresponse of graphene under the same 
light-stimulations (Figure 5.3). For the measurements, time resolution of ~ 0.5 ms was used 
(Keithley 2614B) for fast recording, with a Faraday cage around the measurement setup to 
minimize noise. Source-drain bias of 30 mV was used for all the experiments. As a light-
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stimulation source, a blue light-emitting diode was used with various stimulation frequencies and 
pulse-widths.  
First, in dry condition (without both DMEM and Ag/AgCl reference electrode), the current 
was consistent under the light-stimulation, implying that our patterned graphene does not exhibit 
intrinsic photoresponse (Figure 5.3a) under the light-stimulation. However, when DMEM was 
placed on graphene channels, significant photoresponse that corresponds to the stimulation 
frequencies and pulse-widths were observed (Figure 5.3b-e). As graphene without DMEM does 
not exhibit the similar behavior, we attribute the observed photoresponse to the fluctuation of 
potential in DMEM under the light-stimulation. In contrast, when Ag/AgCl reference electrode 
was inserted to DMEM, the photoresponse was absent as the potential of DMEM was fixed by the 
reference electrode during the light-stimulation (Figure 5.3f). These results suggest that although 
graphene channels are not sensitive to the light-stimulations, the electrical potential of gate 
solutions can be influenced by the light-stimulation, and the use of Ag/AgCl reference electrode 
is desirable to maintain stable potential of gate solutions during the time-resolved measurement of 
the stimulated cell signals.   
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Figure 5.3. Control experiments without optogenetically encoded cells to check undesirable 
photoresponse under light-stimulations. (a) Control experiment without both DMEM gate solution 
and Ag/AgCl reference electrode (in dry state), showing no photoresponse of graphene under the 
light. (b-e) Control experiments with DMEM placed on graphene channels, showing significant 
photoresponse owing to the potential change of DMEM under the light. (f) Control experiment 
with Ag/AgCl reference electrode inserted in DMEM, showing no photoresponse due to the stable 
potential of DMEM.  
Next, we performed the light-stimulation and electrical recording experiment with the 
optogenetically encoded cells on graphene channels (Figures 5.4 and 5.5). Optogenetically 
encoded skeletal myoblast C2C12 cells were seeded on the sterilized FET chips, and proliferated 
in growth media (GM) at 37 °C and 5% CO2. GM was replaced every 24 hours. A thin fibronectin 
layer was used to improve the adhesion between the cells and graphene. After two days, GM was 
replaced with differential media (DM, DMEM containing 2% of horse serum and 1% of penicillin-
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streptomycin). The cells were incubated at 37 °C and 5% CO2 and the DM was replaced every 12 
hours.  
 
Figure 5.4. Time-resolved current responses from the optogenetically encoded C2C12 with light-
stimulations over 30 seconds at various stimulation frequencies (from 0.5 to 4.0 Hz).  
Figure 5.4 shows the electrical measurement results of the optogenetically encoded, light-
stimulated C2C12 cells after 7 days of differentiation. The optogenetically encoded cells 
successfully responded to various stimulation frequencies (from 0.5 to 4.0 Hz). Furthermore, the 
light-stimulated cells exhibited biphasic current signals (Figure 5.5), which are attributed to the 
opening and closing of the ion channels in the cells due to the repeated turn-on and turn-off of the 
light pulses. The response time was ~ 3.45 ms for the both peaks in a biphasic signal, where the 
peak-to-peak distance was consistent with the stimulation pulse-width. Furthermore, the opposite 
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biphasic current signals at the p-type (VG = 0.2 V) and n-type (VG = 0.4 V) regimes demonstrate 
the complementary sensing capability of graphene FET devices. The p-type and n-type gate biases 
were chosen such that the transconductance levels were maximized.  
 
Figure 5.5. Detail shapes of the biphasic current signals within a shorter timescale.  
Moreover, by modulating the stimulation pulse-width, the peak-to-peak distance of the 
biphasic current signals could be changed (Figure 5.6). This result demonstrates that the biphasic 
current signals are attributed to the light-stimulated responses (i.e., opening and closing of ion 
channels) instead of spontaneous beating of the cells. This supports the full controllability of our 
optogenetically encoded C2C12 via light-stimulation and its real-time recording capability. 
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Figure 5.6. Simultaneous light-stimulation and electrical sensing of optogenetically encoded 
C2C12 with a larger stimulation pulse-width (500 ms versus 50 ms).  
We note that the current level change upon the light-stimulation as well as the signal-to-
noise ratio of the electrical detection is sensitive to the density of differentiated myotubes. Figure 
5.7 shows the same electrical measurement result with a shorter amount of differentiation time (2 
days) vs. 7 days (data shown earlier). 
 
Figure 5.7. Simultaneous light-stimulation and electrical sensing of the optogenetically encoded 
C2C12, where the myotube differentiation period was shorten to 2 days. 
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Finally, beyond the skeletal muscle cells, we demonstrated the versatility of our 
simultaneous stimulation and electrical recording capability with neuron cells (i.e., another 
nonspontaneously beating cell). Figure 5.8 shows the electrical sensing of optogenetically encoded 
neuron cells under light-stimulation. Similar biphasic current signals and complementary high 
signal-to-noise ratio detection was successfully reproduced with the optogenetically encoded 
neuron cells.  
 
Figure 5.8. Simultaneous light-stimulation and electrical sensing of optogenetically encoded 
neuron cells.  
 
5.4. Conclusion 
Compared to other conventional detection techniques based on patch-clamp, biochemical 
dyes, and calcium imaging, the electrical recording with graphene-based transistors offers non-
invasive, label-free, and fast detection of optically stimulated behaviors of optogenetically 
engineered cells. Furthermore, the biochemical stability, high carrier mobility, mechanical 
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flexibility, and the two-dimensional nature of graphene allows superior implantable biosensing 
platforms over other conventional sensing materials. Our work represents a significant 
advancement in graphene-based biosensing capability, thus paving the way for future prosthetic 
device and point-of-care analyses of many diseases. 
In conclusion, we demonstrated light-stimulation and the simultaneous electrical recording 
of optogenetically encoded skeletal muscle cells and neurons based on graphene FETs. The 
biphasic and complementary electrical signals corresponded well with the stimulation frequencies 
and pulse-widths, demonstrating that the recorded signals resulted from the light-activation of cells 
(i.e., open/close of ion channels) instead of spontaneous beating or the photoresponse of graphene. 
Future works will be focused on the simultaneous video recording (e.g., calcium imaging) of cell 
contractions upon the light-stimulations, integration with a multiplexed sensing interface to 
achieve parallel sensing of all the channels with a high spatial resolution, and the fabrication of 
three-dimensionally (3D) architectured (e.g., microscale mushroom shaped) sensing channels for 
a more conformal and intimate interface with cells [33–35]. 
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CHAPTER 6: THE ORIGIN OF TUNABLE ELECTRIC DOUBLE LAYER OF 
GRAPHENE AND ITS IMPACT 
 
6.1. Motivation: Understanding the Formation of Electrical Double Layer on Two-
Dimensional Materials 
Electrical double layer (EDL) has been conventionally exploited in supercapacitors that 
store electrical energy at an electrode-electrolyte interface [1,2]. Recently, EDL was also utilized 
in field-effect transistors (FETs) and chemical/biosensors, where the channel conductance is 
effectively modulated by the gate potential and the buildup of EDL at the electrolyte-channel 
interface [3,4]. Consequently, fundamental understanding of the EDL formation is crucial to 
facilitate its full potential in high-performance energy storage devices, transistors, and sensors. In 
addition to the EDL of conventional electrode materials [5,6], its formation on atomically thin two-
dimensional (2D) materials (e.g., graphene), which are considered as promising platforms for 
future electronics and sensor devices [7,8], are recently of particular interest to the research 
community [9–12]. 
The atomically thin nature and exceptional electrical characteristics of graphene have 
intrigued studies on parameters that affect its capacitances (i.e., EDL and quantum capacitances). 
These studies have undiscovered several interesting characteristics of capacitance of the atomically 
thin material, such as modulations by the number of layers, degree of doping, and gate bias 
[9,10,13].  For such material characterizations and further applications, graphene is typically 
transferred from growth materials onto a variety of arbitrary substrates, and thus understanding on 
the influences from underlying substrates to the EDL formation on graphene is also paramount. 
However, little has been known for the influences from substrates underneath graphene, such as 
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how van der Waals forces from underlying substrates can influence ELD formation and 
dissociation, etc.  
Beside the parameters that have been well-studied for EDL on graphene, it has been 
generally understood that EDL can be affected by the wettability of the solid interface, implying 
that the properties of EDL on graphene could be different depending on its wettability [14–18]. 
The wettability of graphene supported by substrates has been the center of controversy over its 
‘wetting transparency’ [20], and is currently assumed as partially affected by the wettability of 
underlying substrates owing to their atomically thin nature [21–25]. Therefore, it is expected that 
the wettability of underlying substrates beneath graphene not only affects the contact angle (CA) 
of graphene, but also the properties of EDL on graphene. This hypothesis, however, has not been 
validated either experimentally or theoretically. Understanding on the influence of substrate 
wettability to the EDL on graphene is not only essential and related to the properties of EDL of 
various atomically-thin 2D materials, but also conducive to expand the general knowledge on the 
‘transparency’ of graphene, and furthermore to fully exploit the potential of a variety of 
applications that utilize EDL for their device operations [29,30]. 
To this end, we studied how the EDL formation on graphene is influenced by the wettability 
of underlying substrates beneath graphene (Figure 6.1). We compared the EDL capacitance of gate 
electrolyte on graphene using a variety of substrates that possess different wettability. The charge 
transport characteristics, electrochemical impedance spectroscopy (EIS), and cyclic voltammetry 
(CV) results show that the EDL capacitance on graphene is modulated by the wettability of 
graphene through underlying substrates, where graphene on hydrophobic substrates exhibits a 
lower EDL capacitance and consequently the reduction of transconductance level. Such 
degradation is attributed to the depleted density of water molecules and disruption of EDL 
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structure near hydrophobic surfaces, consistent with previous works on conventional bulk 
materials [11,14–19] and further supported by our simulation results.  
 
Figure 6.1. Schematic illustrations of the hypothesis on the electrical double layer formation on 
graphene supported by hydrophobic (a) and hydrophilic (b) substrates. 
 
6.2. Modulation of Transconductance Level of Solution-Gated Graphene by the Wettability 
of Underlying Substrates 
To demonstrate our hypothesis that the EDL capacitance on graphene is influenced by the 
wettability of graphene through underlying substrates, we transferred graphene on four different 
substrates that exhibit different water contact angles (CAs). Figure 6.2. shows the CA values of 
the four bare substrates as well as graphene/substrates; the substrate hydrophobicity (i.e., CAs) 
increases from silicon dioxide (SiO2) to polytetrafluoroethylene (PTFE), and that of 
graphene/substrates follows the similar trend due to the partial influence from underlying 
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substrates to the wettability of graphene [20–22,24]. Same volume (5 μL) of droplets were used 
for all the samples to avoid the droplet size dependent CA change [33,34].  
 
Figure 6.2. Goniometry CA characterizations of the four bare substrates (top panels) and 
graphene/substrates (bottom panels). 
 Based on the transferred graphene, we fabricated top-solution gated FETs by depositing 
source/drain electrodes and passivation material (polyimide, PI) to compare the transconductance 
levels of graphene. Identical device dimensions (i.e., channel length/width and gate opening 
dimension) were used for the four graphene FETs to prevent any size-dependent influences on the 
measured charge transport characteristics. The normalized transconductance from charge transport 






     (1) 
where L and W are, respectively, the length and width of the gate, VSD is the source-drain bias (50 
mV), ISD is the source-drain current, VG is the gate potential, μ is the carrier mobility of graphene, 
and CT is the total capacitance of graphene (i.e., 1/CT = 1/CQ + 1/CEDL, where CQ and CEDL denote 
the quantum capacitance and EDL capacitance of graphene, respectively [9,35,36]). Figure 6.3a 
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shows the representative charge transport characteristics of graphene on the four different 
substrates, and Figure 6.3b presents the calculated normalized transconductance based on the 
results in Figure 6.3a. From the equation (1), the transconductance of graphene is modulated by 
the CEDL (where μ and CQ are assumed to be similar from the same batch of graphene), and thus 
the lower transconductance level on hydrophobic substrates implies that the CEDL of graphene on 
hydrophobic substrates is lower. It should be noted that the similar charge neutrality points (VD) 
shown in Figure 6.3a indicate that the charge doping levels of the four graphene are close, and thus 
the measured transconductance values were not affected by doping effects [12,37]. Figure 6.3c 
summarizes the normalized transconductance levels both at the p- (V < VD) and n-type (V > VD) 
regimes as a function of the CAs of graphene. 
 
Figure 6.3. (a) Charge transport characteristics of graphene on the four different substrates. Same 
device dimensions, gate electrolyte (1x phosphate buffer saline, PBS), and measurement 
parameters (e.g., VSD, gate sweep rate, etc) were used for the measurements. (b) Calculated 
normalized transconductance levels based on the results shown in (a). (c) Normalized 
transconductance at p- and n-type regimes as a function of the CAs of graphene/substrates.  
 We note that the lower transconductance levels of graphene on hydrophobic substrates are 
not attributed to the damage of graphene. To demonstrate this, we performed Raman spectroscopy 
- 96 - 
 
characterizations to compare the degree of damages in graphene on two representative substrates 
(i.e., PTFE and SiO2 as the most hydrophobic and hydrophilic, respectively). Ten different 
positions were measured on each sample to provide the statistical reliability of the 
characterizations. As evidenced in Raman spectra shown in Figure 6.4, the D-band of graphene (~ 
1,350 cm-1) that indicates the degree of graphene damage was not higher for graphene/PTFE 
(Figure 6.4a) compared to graphene/SiO2 (Figure 6.4b). These results, along with the similar two-
terminal resistance levels of all the samples (Figure 6.3a), support that the degraded 
transconductance of graphene on hydrophobic substrates is mainly attributed to the decrease of 
CEDL, instead of difference in the degree of graphene damages. 
 
Figure 6.4. Raman spectroscopy characterizations of graphene on the two representative 
substrates: PTFE (a) and SiO2 (b). 
 
6.3. Electrical Double Layer Capacitance of Graphene Modulated by the Underlying 
Substrates 
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 To demonstrate that the CEDL of graphene on hydrophobic substrates is indeed degraded, 
we performed additional capacitance measurements using a three-electrodes potentiostat setup. 
EIS and CV measurements represent the alternative current and direct current based 
characterization methods, and here we used both methods to obtain the reliability of our 
measurements.  
First, we performed EIS characterizations of graphene/PTFE and graphene/SiO2. 10 mV 
was used as the alternative current input with additional direct currents (from -1.0 to 1.0 V) as the 
gate bias. EIS characterizations measure complex impedance at various input frequencies, and the 






    (2) 
where f and Z” denote the input frequency and the imaginary part of measured complex impedance, 
respectively. When CT was plotted versus frequency, the capacitance values at the plateau of the 
CT – log (f) curves (i.e., where the charge distribution in graphene reaches an equilibrium state 
[10,38,39]) were used for calculating the average CT at each gate bias.  
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Figure 6.5. Capacitance measurements of graphene on the four different substrates. CT – log (f) 
curves of graphene/PTFE (a) and graphene/SiO2 (b) calculated from EIS Nyquist plots. (c) CT – 
VT (i.e., applied voltage) relations calculated from the results in (a) and (b). (d) Capacitance of 
graphene on the four substrates measured by CV.  
Figure 6.5a-b show the CT – log (f) curves of graphene/PTFE and graphene/SiO2, 
respectively, with various gate bias (versus standard hydrogen electrode). Here, the minimum 
capacitance (at zero gate bias) was calculated as higher on hydrophilic substrates (3.00 uF/cm2 for 
SiO2 and 1.35 uF/cm
2 for PTFE) (Figure 6.5c); such trend corresponds to the normalized 
transconductance measurement results (Figures 6.3). Moreover, the modulation of capacitance as 
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a function of the applied voltage was also higher on hydrophilic substrates. Such degradation of 
minimum capacitance as well as the modulation capability are attributed to the disruption of water 
dipole orientation and degraded EDL structure of graphene on hydrophobic substrates [40], which 
lead to the degraded capacitance and the insensitivity toward the applied DC bias.  











e k T eV
C
k Tv
    (3) 
where ħ is the Planck constant, e is the elementary charge, kB is the Boltzmann constant, T is the 
temperature, vF ≈ c/300 is the Fermi velocity of the Dirac electron, and V = EF/e is the potential of 
graphene. Figure 6.6b shows the CEDL as a function of the applied gate bias. The CEDL exhibits 
similar characteristics with CT, where the minimum capacitance and gate modulation level are both 
degraded for graphene supported by a hydrophobic substrate.  
 
Figure 6.6. Calculated CQ of graphene (a), and CEDL extracted by subtracting CQ (b) from CT 
(Figure 6.5c).  
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Second, we performed CV measurements to further support the EIS characterization results. 
In CV measurements, the measured area of potential window between the anodic and cathodic 
sweep curves is directly proportional to the capacitance, which is calculated as follows: 
 2 1








  (4) 
where S2-S1 denotes the area of potential window, v is the sweep rate, E2 and E1 are the two 
endpoints of the sweep range, respectively.  Figure 6.5d shows the capacitance calculation results 
of the four graphene/substrates based on CV. Measured CT values of graphene on typical 
hydrophilic substrates is close to the values reported by previous works for monolayer graphene 
(2-3 μF/cm2) [10,11]. Notably, as predicted by our hypothesis, the area-normalized capacitance is 
lower on hydrophobic substrates. Figure 6.7 provides the detail CV measurement results for each 
sample. 
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Figure 6.7. CV measurement results of the four graphene/substrates samples. Various sweep rates 
(from 20 to 200 mV/s) were used to assure the reliability of measurements. The curves at each 
sweep rate were obtained at 5th cycle. Platinum plate and Ag/AgCl bar were used as the counter 
and reference electrodes, respectively. Same 1x PBS was used as the electrolyte. 
 We compared the modulation levels of capacitance with p- and n-type transconductance 
levels (i.e., current modulation levels) (Table 6.1). First, the CT modulation at VT < 0 regime and 
the p-type transconductance (i.e., V < VD) were ~1.7 and ~1.8 times different, respectively, for the 
two samples. Second, at VT > 0 and V > VD regime, the CT modulation and n-type transconductance 
were ~4.0 and ~3.1 time different, respectively. While the degradations of CT modulation and 
transconductance at each regime were comparable, the degradations were more significant at n-
- 102 - 
 
type (i.e., VT > 0) regime compared to p-type (i.e., VT < 0) regime. This is hypothesized to be 
influenced by the gate leakage current that typically surges at the n-type regime (and VT > 0).  
 
Table 6.1. Comparison between the modulation level of CT and transconductance (i.e., current 
modulation level) for the two representative samples.  
 
6.4. Surface Treatment of Underlying Substrates for the Modulation of Electrical Double 
Layer Capacitance of Graphene 
 The capacitance degradation of graphene supported by hydrophobic substrates implies that 
hydrophilic surface treatments on hydrophobic substrates may improve the EDL capacitance and 
thus the transconductance of graphene. To verify this hypothesis, we applied two different 
hydrophilic surface treatments on PTFE before graphene transfer; oxygen (O2) plasma (500 W for 
20 seconds) and aluminum oxide (Al2O3) deposition (30 nm). The charge transport characteristics 
measurements shown in Figure 6.8 compare the transconductance levels of graphene on 
hydrophilic treated PTFE and bare PTFE. As expected, both the p-type and n-type 
transconductances of graphene increased on the hydrophilic treated PTFE substrates.  
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Figure 6.8. Comparison of charge transport characteristics of graphene on hydrophilic treated 
and untreated PTFE. 
 For O2 plasma treated hydrophobic surface, it is well known that the plasma-induced 
hydrophilicity degrades over time, and thus the surface recovers its own hydrophobicity. This, in 
other words, implies that the plasma-induced transconductance enhancement should also degrade, 
and by comparing the CAs of graphene and transconductance levels over time, our hypothesis on 
the wettability dependent capacitance and transconductance modulation can be reinforced. Figure 
6.9a shows the time-dependent wettability change of graphene on O2 plasma treated PTFE, where 
the CA increases over time as expected. The degradation rate of the substrate hydrophilicity with 
graphene was slower (~ 72 hours) than bare substrate (~ 12 hours), as the plasma treated surface 
was passivated by graphene. The transconductance level of graphene gradually decreases 
accordingly (Figure 6.9b-c), as the increase of CA hampers the formation of stable EDL structures 
and thus degrades the capacitance. The time dependent CA increase and consequential 
transconductance degradation (Figure 6.9d) support our hypothesis that the EDL on graphene is 
heavily influenced by the wettability of graphene through underlying substrates.  
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Figure 6.9. Aging effect of graphene on O2 plasma treated PTFE. (a) Time-dependent CA change 
of graphene on O2 plasma treated PTFE. The times described in figures are after the O2 plasma 
treatment. (b-c) Charge transport characteristics of graphene as a function of time. (d) Plots of 
time-dependent CA and transconductance change.  
 
6.5. Theoretical Supports and Simulations 
 We investigated theoretical interpretation on the observed capacitance degradation of 







    (5) 
where Ɛr is the relative permittivity, Ɛ0 is vacuum permittivity (8.854×10
−12 F⋅m−1), A is the area 
of overlap, and d is the distance between the two plates (i.e., thickness of EDL in our case). At the 
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close interface with hydrophobic substrates, it has been understood that the density of water is 
depleted due to the existence of hydrophobic gap [15,16], and such depletion of water density leads 
to the decrease of Ɛr [42]. In addition, it has been recently reported that the Debye length (i.e., 
effective EDL thickness d) increases for graphene on hydrophobic substrates, due to the lower 
density of counter ions near hydrophobic interfaces [43]. Although more systematic studies on the 
EDL structure of graphene supported by hydrophilic and hydrophobic substrates by X-ray 
reflectivity measurements [15,16] might further reinforce our hypothesis, we expect such decrease 
of Ɛr and increase of d could lead to the degradation of EDL capacitance. 
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Figure 6.10. MD simulations of EDL formations on graphene supported by the two representative 
substrates. (a-b) Ion concentration differences ([K+]-[Cl-]) in 1x PBS as a function of the distance 
from graphene/substrates. Ion concentrations on graphene/PTFE (c) and graphene/SiO2 (d) as a 
function of the distance.  
 We further performed molecular dynamics (MD) simulations to support our experimental 
observations. The simulation results in Figure 6.10 show the calculated concentrations of anions 
and cations near graphene supported by PTFE and SiO2. Compared to graphene/SiO2, where the 
apparent accumulations of K+ and Cl- layer were depicted as the concentration difference, the ion 
accumulations at the surface of graphene/PTFE did not exhibit a clear EDL formation near 
graphene (Figure 6.10a-b). Figure 6.10c-d further show the calculation results of the individual 
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ion concentrations on graphene/PTFE (Figure 6.10c) and graphene/SiO2 (Figure 6.10d). The 
calculated ion depletions near hydrophobic interface provides evidence for our experimental 
results and coincides well with our hypothesis on the EDL degradation. 
 
6.6. Conclusion 
 In conclusion, we demonstrated that the EDL on graphene is influenced by the wettability 
of graphene through underlying substrates. Charge transport characteristic, EIS, and CV 
measurements were performed to demonstrate our hypothesis, with theoretical supports based on 
MD simulations. Our study represents both the first experimental and theoretical investigations on 
how the wetting characteristics of underlying substrates beneath graphene could affect the EDL 
structure and its double layer capacitance. Beyond the reported parameters that affect the EDL on 
graphene (e.g., number of layers, doping levels, gate bias), our results provide an important 
information to the research community that the wettability of underlying substrates should be 
carefully considered when studying the characteristics of EDL on atomically thin materials. Our 
study provides new information on the general understanding of the ‘transparency’ of graphene, 
motivating numerous EDL-based fundamental research (e.g., direct observation of EDL on 
graphene). Finally, our observations suggest an important design consideration for supercapacitors 
and FET biosensor devices, and also indicates the substantial promise of future studies on liquid – 
atomically thin materials interface. 
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